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Abstract

Microfluidic reconfiguration of microwave devices has emerged as a potentially attractive
alternative to integrated semiconductor (ICs/MMICs) and microelectromechanical systems
(MEMS) based technologies. On the one hand, MMICs suffer from low power handling
capabilities, high IL, non-linear effects, and elevated costs; on the other hand, MEMS are limited
by their complex packaging requirements, and relatively low reliability from stiction-based effects.
However, microfluidic reconfiguration provides low insertion loss (IL) due to its mechanical
nature and it is not limited by power saturation effects. These attributes are especially valuable for
applications at mm-waves, potentially reducing costs and increasing power efficiency capabilities.
Microfluidic reconfiguration of microwave devices is possible by repositioning a volume of liquid
metal or a metallized plate near the component geometry. Initial research within our group
introduced microfluidically reconfigurable focal plane arrays (MFPAs) to demonstrate
microfluidic beam-steering applications at 30 GHz. The first concept involves a patch antenna that
was microfluidically positioned along the focal plane of a lens. However, the total movement for
this design is ~40 mm, providing long reconfiguration times. Moreover, available bandwidth was
limited by array size due to the use of resonant transmission lines. This dissertation solves these
limitations by introducing a metallized plate inside a microfluidic channel and exploiting
capacitive coupling effects to produce RF short-circuit conditions. The capacitive coupling is
investigated via microfluidically switched microstrip lines that demonstrate RF switching
operation from 20 GHz to 40 GHz. The coupling provides low-loss (<0.2 dB) and wideband (~20
vii

GHz) performance. Furthermore, the RF switching concept is implemented in a 30 GHz 8-element
MFPA. The MFPA exhibits ~12 GHz bandwidth and reconfiguration time of ~270 ms (as
compared to ~1 GHz and 5 s respectively in previous work). Nevertheless, a remaining setback of
microfluidic reconfiguration was the need for external micropumps to enable fluid motion. Such
pumps are bulky as compared to the microwave components, or hard to integrate within the device.
Therefore, miniaturization is necessary to achieve higher reconfiguration speeds and reliable
operation. To achieve these goals, this work presents a novel integrated actuation mechanism in
the form of piezoelectric bending actuators, eliminating the need for pumps. With the integrated
actuation a miniaturized single-pole single-throw microfluidically reconfigurable switch is
demonstrated, and it is scalable to single-pole four-throw configurations. The miniaturized switch
performs with low losses (i.e. ~ 0.7 dB) and wide bandwidth (i.e. >20 GHz). The integrated
actuation allows for reconfiguration speed and reliability tests that were not possible before with
external micropumps. Experiments demonstrated reconfiguration times of 1.1 ms and reliable
operation of the device over 3 million cycles. Moreover, the switch is expected to handle up to 30
W of continuous RF power, with experimental verification performed up to 2 W at 32 GHz.
Successful realization of this compact actuation mechanism provided a path for mm-wave
microfluidically reconfigurable filters with improved reconfiguration speeds and integrated
microfluidic actuation. Specifically, a microfluidically reconfigurable bandpass filter that exhibits
relatively low loss (i.e. up to 3.1 dB), reconfiguration speeds of 285 ms/MHz, and reliable
operation up to 12 million cycles is demonstrated. The filter is reconfigurable both in frequency
(from 38 GHz down to 28 GHz) and bandwidth (from 7.6% up to 16.8%) and is expected to handle
up to 5 W of continuous RF power.
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Chapter 1:

Motivation

Bandwidth limitations, a crowded frequency spectrum, and an increased market for
electronic devices have created the need for wireless systems operating at millimeter-wave (mmwave) frequencies. However, radio frequency (RF) signal transmission/detection at these
wavelengths introduces challenges due to increased effects of diffraction, attenuation and material
non-linearity. Therefore, efficient technologies that provide a solution to these problems are highly
desirable and greatly needed.
Specific hardware that helps mitigate these issues are beam steering antenna arrays.
Similarly, reconfigurable filters provide a solution to interference and non-linearity issues that
become detrimental at these wavelengths. Common technologies used to design such hardware
rely upon the use of semiconductors in the form of RF integrated circuits (RFICs), monolithic
microwave integrated circuits (MMICs), RF silicon over insulator (RF SOI); or through microscale mechanical actuation in micro electro-mechanical systems (MEMS). Yet, both
semiconductors and MEMS require the assessment of different trade-offs. On the one hand,
semiconductor technology has the advantage of mass scale manufacturing techniques and benefits
from fast reconfiguration speeds (i.e., tenths of ns or less), making it a widely popular and attractive
solution for beam-steering applications [1-3]. Still, semiconductors suffer from non-linear effects
and material limitations that lead to higher losses and low power handling as frequency increases
[4]. On the other hand, MEMS technology offers improvements due to its micro-scale mechanical
actuation mechanisms (i.e., high efficiency and low loss) [5], but it presents stiction related effects
1

that limit device reliability and slower reconfiguration times as compared to semiconductors [6].
Furthermore, both technologies need additional design considerations such as additional RF
components and/or DC bias/control lines that further increase costs and limit design flexibility.
All these limitations become more prominent as the device’s operating frequency increases,
especially close to and above mm-wave bands. Macro-scale mechanical beam-steering solutions
have been introduced as well as an alternative to electronic scanning of semiconductors or MEMS.
These solutions involve the integration of actuators that spatially re-position the antenna by
utilizing gimbaled assemblies [7, 8], and yet, this results in bulky structures and considerably slow
reconfiguration times. To address these problems, this dissertation focuses on investigating a
promising novel alternative that potentially solves the loss, costs, power handling and design
complexity problems faced by current state-of-the-art mm-wave devices. Specifically, a solution
can be found by using the concept of microfluidic technology to provide reconfiguration of beamsteering antenna arrays and filters.
Microfluidic loading of RF devices has emerged as a low-cost, all-passive and versatile
technology alternative for component reconfiguration by offering relatively cheap base materials,
highly linear behavior and potentially high-power handling capabilities [9]. The concept of
microfluidic reconfiguration of RF devices is to utilize fluidic channel walls that contain a
dielectric and/or conductive material, which in turn loads (or modifies) the RF component
geometry. Several devices such as filters [10-12], antennas [13, 14], antenna arrays [15, 16] and
switches [17-20], already proved the feasibility of microfluidic reconfiguration of RF components
by utilizing some form of liquid metal (e.g., mercury or Galinstan). However, the long-term use
of liquid metals presents major drawbacks such as health/environmental risks and oxidization;
limiting the applicability of liquid metal loaded RF devices [21]. Additionally, recent literature has

2

shown limited uses of liquid-metal to no more than 15 GHz for loaded antennas [22] and to 26
GHz for switches in waveguide applications [23]. To address the limitations imposed by liquid
metals, our group has proposed the introduction of metallized plates inside microfluidic channels
[24]. Different components such as reconfigurable filters [25] and antennas [26] have been
demonstrated using the metallized plate approach. By taking advantage of standard PCB photolithography it is possible to design selective metallization patterns on these moving plates, thus
providing extra degrees of freedom on component design [14, 25]. Reconfigurable antennas and
filters utilizing the selectively metallized plate (SMP) approach have proven to provide high power
capabilities for antennas [26] and filters [27].
Promising advances in beam-steering applications of microfluidic reconfiguration at mmwaves have also been done by our group through recent publications. Specifically, by introducing
microfluidic based focal plane arrays (MFPAs) in [16]. The initial MFPA design offered beamsteering capabilities without the need of active RF devices, potentially reducing costs and
providing higher efficiency performance. The MFPA concept of [16] was demonstrated by
microfluidically positioning a patch antenna at the focal plane of an extended hemispherical
dielectric lens. This MFPA performs with low insertion loss (IL) (e.g. IL < 3 dB for an 8-element
MFPA) and 5.25 s beam-steering time to cover the ~60° field of view (FoV). As expected, it
performs with very low loss as compared to traditional beam-steering implementations. However,
a slow reconfiguration time and limited bandwidth was observed as the trade-off.
1.1.

Research Goals and Contributions
In this work, the concept of microfluidic switching of microstrip lines utilizing selectively

metallized plates (SMPs) at mm-wave frequencies is presented. Specifically, a microfluidically
switched microstrip line utilizing the SMP approach is designed and experimentally verified from
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15 GHz up to 40 GHz. This demonstrated the potential of this technology to improve switching
and bandwidth capabilities of the first generation of MFPAs that relied upon antenna movement
instead of feed network switching operations. Then, the design and implementation of a wideband
low-loss feed network for a 30 GHz microfluidic focal plane array (MFPA) are given. It will be
shown that by introducing a novel, microfluidically switched feed network it is possible to
maintain a wideband performance (~38%) and accommodate >32 antenna elements in a 1D 30GHz
Ka-band focal plane array setting. In addition, the required microfluidic motion range is
significantly reduced (~10x) for higher beam-steering speeds and a compact layout is maintained
for enabling realization of 2D MFPAs when compared to previous publications.
To further advance the practical applications of microfluidic technology at mm-waves,
low-loss miniature single-pole multi-throw switches are introduced. Additionally, this work
provides the first compact piezoelectrically actuated microfluidic device working at mm-waves in
one single package. A single-pole single-throw (SPST) switch is used to demonstrate
miniaturization capabilities of SMP-based microfluidic devices and implement the piezoelectric
actuation mechanism. Experimental results show that wide-band (~20 GHz) and low-loss (<0.3
dB) performance in maintained by the switch. Experiments demonstrated reconfiguration times of
1.12 ms and reliable operation of the device over 3 million cycles. Moreover, the switch is expected
to handle up to 15 W of continuous RF power, with experimental verification performed up to 2
W at 32 GHz. Consequently, the SPST switch is expanded into single-pole four-throw (SP4T)
configuration and it is included in a beam-forming network to demonstrate beam-steering
applications and potentially provide high power-handling capabilities.
Finally, after having successfully integrated the piezoelectric actuation mechanism into a
compact microfluidic device, a reconfigurable filter with frequency and bandwidth tuning is
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designed at mm-waves. Specifically, a microfluidically reconfigurable bandpass filter with low
loss (i.e. up to worst-case 3.1 dB IL), a reconfiguration speed of 285 ms/MHz, and reliable
operation up to 12 million cycles is demonstrated. The filter is reconfigurable both in frequency
(from 38 GHz down to 28 GHz) and bandwidth (from 6.8% up to 16.8%) and is expected to handle
up to 5 W of RF power. All these advances position microfluidic technology for reconfiguration
of microwave devices in an advanced terrain enabling faster reconfiguration speeds, the ability of
performing reliability and repeatability tests, and provide a solid path for expanding the technology
into mm-wave applications.
1.2.

Content Outline
This dissertation is organized as follows:

i.

Chapter 2 offers a brief review of the state-of-the-art technologies utilized for
reconfiguration of microwave devices.

ii.

Chapter 3 presents a microfluidically switched microstrip line and the development of its
equivalent circuit model. Specifically, a microfluidically switched microstrip line is
designed and characterized to exhibit <0.3 dB IL and wideband (>20 GHz) performance.

iii.

Chapter 4 implements the microfluidic switching concept via a selectively metallized plate
in a microfluidically reconfigurable focal plane array. The switching operation and its
equivalent circuit model are employed for designing a feed network for a focal plane array
at 30 GHz that performs with 38% bandwidth and low loss. Additionally, the circuit model
is used to demonstrate the scalability of the design for antenna arrays with up to 64 elements
with no bandwidth performance degradation.

iv.

Chapter 5 introduces a miniaturized version of the microfluidically switched microstrip
line, along with its expansion to a single-pole four-throw configuration. In addition,
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integrated piezoelectric actuation is utilized for the first time in a microfluidically
reconfigurable device. The switch performs with 0.3 dB IL, 1.12 ms reconfiguration time,
up to 15 GHz bandwidth, and is actuated up to 3 million times with no noticeable
degradation in performance. Furthermore, the switch is expanded into a single-pole multithrow operation. Specifically, a single-pole four-throw switch is designed and
experimentally verified to provide <0.9 dB IL while maintaining the wideband
performance (i.e. >18 GHz bandwidth) as the SPST. The SP4T is then implemented into a
compact beam-steering array design within a 4×4 Butler matrix beam-forming network.
v.

Chapter 6 describes the application of integrated piezoelectric actuation into the first
bandwidth and frequency reconfigurable bandpass filter at mm-wave frequencies.
Specifically, a band pass filter with independent frequency and bandwidth tuning
capabilities is designed at mm-wave frequencies. The filter can be reconfigured from 38
GHz initially, down to 28 GHz, and its bandwidth can be increased from 6.8% up to 16.8%
at 38 GHz and from 7.6% up to 12.8% at 28 GHz. This bandpass filter implementation
represents the first application of microfluidic reconfiguration for a filter at mm-wave
frequencies.

vi.

Chapter 7 offers the final remarks or this dissertation.
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Chapter 2:

Review of Reconfigurable RF/Microwave Devices

Recent advances in wireless communications requirements has generated a greater need
for faster data rates, increased bandwidths for high data throughput between devices, and
components that perform efficiently and provide multiple functionalities. These features demand
reconfigurable microwave devices that are able to operate with advanced performance at multiple
frequencies, and that have the capability to re-direct its electromagnetic energy towards
specific/multiple locations [28]. These types of reconfigurable devices are required to exhibit:
 Dynamic reconfiguration with the minimum possible number of additional components.
 Seamless operation either through a diverse range of frequencies allocated next to each
other or in different non-continuous frequency bands.
 Maintain or improve their performance after reconfiguration.
 Achieve a satisfactory change between states in the shortest amount of time.
This translates in devices that can provide frequency reconfiguration, dynamic redirection
of their electromagnetic energy, improved/adjusted performance via feedback control (e.g.
temperature change compensation), seamless switching (ON/OFF) operations, and dynamic signal
phase change; to name a few of the required features. All of this, while offering small unified
packaging, exhibiting low-loss (i.e. high efficiency) performance, and being able to handle high
amounts of electrical power.
Several methods have been proposed, investigated and characterized to present solutions
to the reconfiguration challenge. Among these, one can mention the physical modification of a
7

device's structure via mechanical actuation, the use of semi-conductor (SC) and integrated circuits
(IC) elements [29], micro-scaled mechanical techniques making use of micro electro-mechanical
systems (MEMS) components [30] and –more recently– the introduction of hydraulic actuation in
fluids that modify device characteristics [21]. To this extent, it is possible to group these solutions
in two main classes:
 Active electronic reconfiguration, i.e. the use of SC technology to provide an electronic
input and modify an electrical variable.
 Mechanical (passive) reconfiguration, by introducing mechanical actuation to modify a
passive electrical component through mechanical or electrical inputs.
Between the suggested methods, the most popular to-date is the use of active electronics to
realize switching or loading mechanisms. With the caveats of added design complexity, extra
components, increased power consumption and non-linear behavior in the microwave device
(µWD) response. By utilizing IC technology, it is possible not only to achieve extremely fast
reconfiguration speeds (i.e. tenths of ns), but also to offer unified packaging, scalability and have
a single connection interface for signals and control in a compact chip. Due to the development of
advanced fabrication techniques that made monolithic microwave integrated circuits (MMICs)
relatively cost-effective and more reliable, it is possible to have mostly all the µWD 's components
integrated into a single package. With all these advancements, IC/MMIC technology has proven
to be dependable in the design of switches [31-34], active electronically scanned arrays (AESA)
[35, 36], tunable frequency selective surfaces (FSS) [37] that can be used as reflectors/absorbers,
among other applications.
It is possible now to design a complete TX/RX element (up/down converter, amplifier,
filters and antenna) for an AESA radar in a single chip, needing only biasing voltage for the DC
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part and, an intermediate frequency (IF) input/output and an external local oscillator (LO) signal
on the RF side [38]. However, in the realm of mm-wave frequencies, low output impedances that
limit matching capabilities, considerably high insertion loss (IL), reduced antenna efficiency (i.e.
η < ~35%), non-linearities and extremely high testing costs are the main drawbacks in the
realization of these fully integrated chips [39-41]. Even though efforts are being made to bring the
manufacturing and testing costs down and increase their power efficiency.
Passive reconfiguration is the alternative that has none of the added problems of the active
method (i.e. reduced power consumption, highly linear behavior and simpler design) at the cost of
slower response times (from tenths of ms to tenths of μs), and up until a few years ago, reduced
scalability and device integration [42]. The development of MEMS actuator devices (micro-scaled
mechanical components that benefit from the micro-fabrication process utilized in IC technology)
introduced linear and highly power efficient elements that could do the same operations –although
at a slower speed– performed by most of their electronic counterparts, while having the possibility
to provide component integration [43]. The use of MEMS has been proven feasible on designing
RF switches [39, 44-46], antennas and phased arrays [47, 48], and reconfigurable FSS [49], to
name a few applications. However, problems on: operation reliability, device packaging and the
high voltage range sometimes needed to provide actuation; added to the improvements achieved
in SC technology with silicon on insulator (SOI) and silicon on sapphire (SOS), have held back
the full adoption of MEMS devices (despite their low IL and high linearity as compared to SCs)
as a replacement for active-non-linear components [40, 43]. Thus, it is important to offer an
overview on the current state-of-the-art of microwave device reconfiguration using active
technologies such as RFICs, and passive methods such as MEMS. This will offer additional insight
when these technologies are compared to the alternative of microfluidic reconfiguration that is
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proposed in this dissertation. Specifically, current methods for developing RF switches and beam
steering arrays will be discussed.
2.1.

State of the Art of Reconfigurable Microwave Devices Using MMIC and MEMS

Technology
Among the most relevant literature to-date related to active reconfiguration of microwave
devices, the designs proposed by Rebeiz et al. in their different publications present themselves as
the most viable approaches when unified packaging is desired [50]. Besides their research, one can
find published literature that spans across the fields of MMIC and MEMS, and in some cases,
hybrids between both [42, 51]. These publications have repeatedly demonstrated the possibility of
providing complete device functionality in one package, such as complete transmit/receive units
with integrated up/down conversion, filtering, amplifying and antenna elements. Since the work
done in this area is extensive, only the most recent and relevant publications that have
demonstrated significant advances on MMIC and MEMS applied for switches, antenna arrays and
filters will be discussed. However, it is worth mentioning that for many MMIC applications, most
of the operational principles of reconfigurable devices rely on one of the most basic actuator
components in electrical engineering: the switch. Per its simplest definition, a switch is a device
that makes or breaks and electrical connection; and the way to achieve that effect at microwave
frequencies has been a matter of research for many years.
2.1.1. Active Electronic Switching of RF Signals
Due to the nature of high-frequency harmonic signals (i.e. electromagnetic coupling
between nearby, non-touching conductors), a mechanical disconnection between two conductive
materials does not guarantee a satisfactory open-circuit condition. Thus, achieving ON and OFF
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Conductive
Plates

A= w×l

Dielectric
d

εr , tand
l

w
Figure 2.1. Parallel plate capacitor representation.

states in RF devices needs to be studied from the perspective of electromagnetic interaction of
charges between the two conductive surfaces.
A simple way to represent an RF switch is by studying its inherent capacitance. One can
investigate the electrostatic field between two conductive surfaces (let us call them 1 and 2) of area
𝐴 and separated a distance d by a dielectric material of relative permittivity 𝜀𝑟 (as seen in Figure
2.1), that have superficial charge distribution 𝜌𝑠 and, find the electric potential between the two as
[52]:
𝑑

̅
𝑉12 = − ∫ 𝐸̅ ⋅ 𝑑𝑙

(2.1)

𝑙=0

If one considers the solution of Equation 2.1 by neglecting fringing fields at the plate edges
and then finds the ratio from the net amount of stored charge between the plates (𝑄) and the electric
potential (𝑉12 ), it can be proved that the capacitance (𝐶), can be defined as:
𝐶=

𝜀𝐴
𝑑

This result is known as the capacitance of a parallel plate capacitor [52]. Now, since the
impedance for a capacitive load 𝑍𝑐 changes with frequency by the form:
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𝑍𝑐 =

1
𝑗𝜔𝐶

For any given frequency, it is possible to design a capacitive load with high enough
impedance to be considered an open-circuit (i.e. small capacitance) or low enough to be considered
a short-circuit (i.e. large capacitance). This is possible by designing for a certain dielectric constant
or by modifying the component geometry. This approach allows for modeling RF switches through
equivalent capacitive loads and gives additional insight on the limitations of SC devices –that is,
the frequency dependent impedances affect device performance as frequency increases1.
2.1.2. PIN Diodes
A simple way to realize a controllable capacitance (and with it an RF switch) is through a
diode. A PIN diode can be forward biased to achieve conduction (ON state) or it can be reversed
biased to prevent it (OFF state), thus by placing such component in either a series or parallel
configuration, it is possible to form a single-pole, single-throw RF switch [53]. Its behavior can be
studied from an equivalent circuit model which contains the equivalent impedance of the diode in
either state. When ON, the diode impedance can be represented as
𝑍𝑑𝑂𝑁 = 𝑅𝑂𝑁 + 𝑗𝜔𝐿𝑖
and when OFF, diode impedance can be written as
𝑍𝑑𝑂𝐹𝐹 = 𝑅𝑂𝐹𝐹 + 𝑗 (𝜔𝐿𝑖 −

1
)
𝜔𝐶𝑗

where the inductance 𝐿𝑖 and the capacitance 𝐶𝑗 model the parasitic behavior at the junction in the
semi-conductive material. Observing that the equivalent impedance for a diode is frequency
dependent, and its underlying relation to the material behavior of the component, helps to
understand the limitations of SC technology when it comes to RF device design and to infer which
1

For an in-depth discussion on these topics the reader can refer to [52, 53].
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are the parameters that ultimately affect diode performance at microwave frequencies (i.e. inherent
inductive and capacitive effects present at the diode junction).This capacitive behavior of the diode
can be advantageous when one considers that by reverse biasing this component, conduction of
current is prevented. This implies electrical charge build-up at the SC junction and results in the
possibility of designing a voltage-controlled capacitor by modifying the bias voltage applied to the
diode. However, it is important to mention that the simplified model and explanation offered
earlier are considering, for simplicity, a linear behavior for the diode. Since diode current behaves
in a non-linear fashion (which in turn means a non-linear diode impedance), these types of devices
carry an inherent limitation on the amount of power they can handle. The higher the RF power
transmitted through the diode, the stronger the non-linear effects will be. These effects mostly
translate to charge saturation within the devices, which means limits on transmitted power and
sometimes breakdown of the diode substrate material. Trying to mitigate these effects have led to
a wide range of RF switch designs. In practice, transistors are cascaded in several configurations
to realize more efficient, faster, wideband and reliable RF switches. But they are still governed by
the same material and non-linear restrictions as the simple PIN diode.
2.1.3. Current RF/Microwave Switching Technology
An MMIC device with 0.25 µm GaN HEMT technology was recently proposed by Kaleem
et al. in [54]. They report a 40 dBm 𝑃1dB compression point at 20 GHz, isolation above 28 dB and
IL <1 dB for a 17 to 22 GHz band. It is worth noting the return loss at just 10 dB values across
most of the band, highlighting the matching limitation of SC devices.
Howell et al. have presented a new approach that offers reduced losses and improved
bandwidth for SC-based RF switches [32, 55]. They report a design that allows formation of
multiple parallel current paths on a field effect transistor (FET) channel. By this method, it seems

13

possible to decrease the ON resistance of the RF switch while limiting the impact on the OFF
capacitance. The median ON resistance measured by this group is 0.38 Ω-mm and an OFF
capacitance of 0.21 pF/mm. This translates to switch performance of <0.3 dB IL and >30 dB
isolation, cut-off frequency of 2 THz and response time faster than 100 ns. All this while being
able to handle over 10 W at 10 GHz without presenting compression.
In other work, Cho et al. introduced a wideband active double-pole double-throw (DPDT)
switch for applications from 2 through 22 GHz [34]. The interesting approach taken by this group
is the introduction of gain in the ON state of the switch. However, this seems to come with the cost
of reduced return loss since they report a measured figure of 9 dB in the operation band. Measured
isolation is over 15 dB and output 𝑃1dB at -6.2 dBm.
2.1.4. Active Phased-Arrays
MMIC technology has allowed for unified chip integration of RF devices, although
elevated costs, unique requirements in each design and non-linear behavior keep limiting this
technology. Major advancements have been made in this field and some of the most recent designs
are proposing an aggressive approach with a full system-on-chip integration.
Kang et al. present a single-element and four-element phased arrays that are capable to
operate at both transmit and receive mode with 5-bit phase and amplitude control [56]. They utilize
a 4:1 power combining/dividing network along with amplifying and phase shifting stages, all
integrated in one chip. These arrays perform with an average gain of 0 dB per channel along with
a noise figure of 9 dB. In receiving mode, they present a 𝑃1dB of -16 dBm per channel and thirdorder intercept of -5.9 dBm while consuming 142 mW, and in transmission mode the output 𝑃1dB
is between 4 to 5 dBm across the 35-36 GHz band with 171 mW power consumption.
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A single-chip approach by Ku et al. in [57] present a 16-element phased array receiver at
W-band for automotive radar applications. The SiGe chip is attached to a linear microstrip array
by bond wires and results in a 29.3 dB antenna directivity and 18 dB gain at 77-81 GHz [57]. The
system presents beam-steering capabilities in a 100° sweep by 1° steps thanks to their integrated
phase shifter elements. As a receiver, the chip exhibits 7 dB gain with variable gain amplifiers that
compensate gain error vs. phase states when it is matched to a 50 Ω load, while being capable to
achieve 22.5 dB for higher load impedances. Overall chip power consumption is 1.2 W in a 5.5×5.8
mm2 area and the simulated noise figure is 18 dB.
2.1.5. Applications of MEMS Technology on Switching Elements and Beam-Steering Devices
Most of RF MEMS devices have been proven to operate seamlessly from RF to mm-wave
frequencies (i.e. 0.1 to 100 GHz) and several studies demonstrated operation with considerably
better performance than MMIC components. And even though the adoption of this technology is
still lacking, due to several reasons laid out earlier, research groups continue to propose new ideas
and innovative designs.
Sterner et al. demonstrate through their switching approach [58] the low loss capabilities
of MEMS devices by measuring 0.08 dB IL at 20 GHz and isolation above 25 dB for the two-port
configuration. For a three-port switch, they show 0.31 dB and 0.68 dB IL at 1 and 10 GHz
respectively, with isolation of 43 and 22 dB. The switches are actuated by voltage ranges from 23
to 89 V with negligible power consumption.
Another design presented by Zhu et al. in [46], reports operation up to 40 GHz with less
than 0.5 dB IL with 22.5 dB isolation. One of the main goals of this project was to offer improved
isolation at the OFF state while aiming to reduce the actuation voltage. The authors proposed the
use of a bi-directional motion actuator that operates by thermal effects, in a three-state switch
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design. Thanks to this electrothermal actuation approach, the drive voltage for the switch is
reduced to 0.5 V.
An antenna array design demonstrated in [59] proposed a mm-wave lens-array antenna
with 2-bit programmable antenna-filter-antenna (AFA) unit cells. The fabricated device is
composed of 2420 switching elements scattered among 484 AFA elements (22×22 array). The
fabrication is realized in quartz wafers utilizing adhesive bonding for packaging. Beam-steering is
achieved by micro-positioning of each lens element towards specific locations, which in turn
redirects the beam of the main feed (i.e. a horn antenna). The measured gain of this array is around
9.2 dB, however, a reported IL for the beam-steering lens array is noted as 8 dB. The group
indicates that the high losses are mostly due to the low yield obtained during fabrication (~50%)
and that by improving this metric, reduction of the IL up to 2 dB is possible.
In other work, Luo et al. propose an interesting approach for the use of MEMS cantilevers
for phase modulation [60]. The idea is to design a tunable periodic structure which allows for phase
control of the propagating wave inside the material. Tuning is achieved by actuation of a set of
MEMS structures (referred to as J-units) that modify the impedance of each of unit cell, thus
allowing for beam-steering capabilities since the antennas are integrated within the unit cells
themselves. Beam-steering is demonstrated between ±15° as the J-units are sequentially actuated.
2.2.

Microfluidically Reconfigurable Microwave Devices
As an alternative to both MEMS and MMICs, fluidic reconfiguration of microwave devices

either through liquid or solid metals –or through dielectric materials contained inside a fluidic
channel, has proved promising in applications where component flexibility or low-loss and high
efficiency is required. While dielectric loading of RF components has been investigated, the
preferred method for tunability is the use of liquid or solid metals due to its inherent advantage as
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conductive material. Microfluidic loading of microwave devices has emerged as a low-cost, fully
passive and versatile alternate technology [21] due to the limitations presented by SC/MMIC and
MEMS technology, the increasing demand for additional system flexibility on wireless devices
and the current need for wireless wearable gadgets. The concept of microfluidics applied on RF
reconfiguration is simple: fluidic channels walls (at the mm and micron scale) that contain certain
quantity of dielectric or conductive (in fluid or solid form) material loads or modifies the RF
component geometry. In the same manner as MEMS, the field of microfluidics has flourished as
an alternative to active reconfiguration with different groups investigating liquid metal loaded
filters [61-63], antennas [15, 64-66], antenna arrays [67-69], reflectarrays [70, 71] and switches
[17, 18, 72]. However, liquid metal has shown to have some major drawbacks such as being
harmful for human health and the environment (i.e. in the case of mercury), and oxidization and
low conductivity (with alloys such as Galinstan) [21, 73].
2.2.1. Liquid Metal Applications for Microfluidic Reconfiguration of Microwave Devices
Even though the use of liquid metals comes with certain drawbacks as discussed above,
several designs have been fabricated, thus demonstrating promising applications of microfluidic
technology. Nevertheless, further research is needed to address concerns regarding system
integration, repeatability and packaging.
Among some of the relevant work in microfluidic applications, Chen et al. in [17], showed
the wideband and low loss behavior of liquid metal switches. Different approaches were
considered by using mercury, Galinstan and ultrapure ionic water. S-Parameter characterizations
of the proposed switches placed within a 1500 μm CPW line was done from 2 to 100 GHz. For
mercury and Galinstan, results showed that the IL was maintained below 1.3 dB for the whole
range and 20 dB isolation. In the case of water, the switch transforms into an absorptive
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component, showing 1.3 dB IL and above 10 dB RL in its off-state and 27.5 dB isolation when the
channel is filled.
Similarly, Gough et.al demonstrate the viable application of continuous electro-wetting
(CEW) for RF reconfiguration [74]. By introducing a liquid metal droplet inside a dielectric liquid,
and then applying an external voltage, it is possible to produce a pressure imbalance that results in
the motion of the liquid metal. A tunable antenna was designed and fabricated in order to
demonstrate the applicability of this phenomenon in RF devices. It consisted of a slot antenna with
center frequency at 2.65 GHz fed by a microstrip and liquid metal coupled to the feed via a
microfluidic channel. Dynamic reconfiguration was achieved by extending the feed length as the
microfluidic channel was filled with liquid metal. The antenna gain was approximated to 2 dB and
tunable bandwidth was around 15.2 %.
Reconfiguration of an FSS was proposed by Lei et al. in [75] by using liquid metal inside
periodically spaced PTFE tubes. The group used mercury to produce movable slugs inside an oil
filled tube. It was shown that it is possible to model the liquid metal slugs as inductors, whereas
the dielectric oil acts as capacitor. A parallel array of these tubes, along with the pressure control
at the input of each channel, constitutes the FSS. Measurements showed the tunable capabilities of
the design between 4 to 17 GHz.
2.2.2. Microfluidic Reconfigurable RF Devices Via the Metallized Plate Approach
Although liquid metal reconfiguration has shown some great progress in the recent years,
there are still oxidization concerns when devices are fabricated using Galinstan. For these reasons,
the use of metallized plates inside microfluidic channels has been proposed as an alternative to
solve the problems encountered in liquid metal applications [24]. Different components such as
reconfigurable filters [27, 76], antennas [77], and a 1D mm-wave microfluidic based focal plane
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array [78] (MFPA) have been demonstrated using the plate metallization approach. Selective
metallization of off-the-shelf RF substrates (e.g. Rogers RT/Duroid®, RO4000®) addresses the
limitations of liquid-metals. By taking advantage of standard PCB photo-lithography it is also
possible to design selective metallization patterns on these moving plates, thus providing extra
degrees of freedom on component design [25, 65]. These devices have also shown great promise
to handle high amount of power due to their materials and highly linear behavior [76, 77].
Dynamic bandpass filter reconfiguration is presented by Palomo et al. in [27]. The authors
report low IL and wideband reconfiguration by using a selectively metallized plate approach. The
filters were designed to operate between 0.8 to 1.5 GHz, achieving almost 2:1 tuning. Measured
response shows 4.5 IL and constant fractional bandwidth within a margin of 5%.
A tunable monopole antenna from 1.7 to 3.5 GHz and over 2.4 realized gain was also
demonstrated in [77]. Reconfiguration is accomplished by moving a metallized plate that acts as
the main radiator. Power handling characterization were made, and the device proved to be able to
handle at least 15 W at its highest operation frequency. One of the advantages of using the plate
metallization approach is the highest thermal conductivity achieved by both substrate and
insulator, as compared to using liquid metal for reconfiguration.
The microfluidic focal plane array (MFPA) proposed by Gheethan et al. in [78], was the
first reported beam-steering application of microfluidics at mm-wave frequencies. The MFPA is
composed of a metallized plate inside a microfluidic channel, which acts a patch antenna at 30
GHz. The antenna moves along the focal plane of an extended semi-hemispherical dielectric lens.
The necessary considerations on feed network design for these MFPAs were thoroughly addressed
in [78]. Measured gain was 23.5 dB, however, bandwidth limitations were clearly noted due to the
resonant nature of the feed networks used and, when non-resonant networks are employed,
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insertion losses are considerably high. All these advantages position microfluidic reconfiguration
of microwave devices via the selectively metallized approach as a very attractive alternative to the
use of liquid metals. The SMP approach allows for achieving successful design of microfluidically
reconfigurable microwave with reliable and repeatable operation. Additionally, the use of SMPs
allows for expanding microfluidic reconfiguration up to mm-wave frequencies thanks to the use
of standard PCB techniques that avoid liquid metals with reduced conductivity and oxidization
problems.
2.3.

Chapter Summary
A general review about the field of RF device reconfiguration through MMIC, MEMS and

microfluidic technology has been presented, and the advantages for each alternative have been
noted. Current technology utilized for reconfiguration of microwave devices such as RFICs
dominates most of today’s applications thanks to their capabilities for high integration and
extremely fast response times. However, RFICs still are limited by the elevated costs, limited
performance in power handling, and considerably high losses. Whereas MEMS on the other hand,
presents advantages of device integration, and low loss performance. Still, MEMS devices need to
improve their reliability and simplify packaging challenges. As an attractive alternative to MEMS
and RFICs, microfluidic technology promises low loss, highly linear, and high-power handling
performances. In addition, it is inherently low cost due to is fabrication processes and it has been
proven as a great approach for realizing flexible circuitry. Nevertheless, the field of microfluidics
is still in its infancy although gaining momentum as new design approaches and solutions are
proposed by different research groups.
Therefore, several concerns must be addressed if microfluidic technology aims to gain a
solid foothold as a reliable application. Mainly: device packaging, repeatability and
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reconfiguration speeds. The rest of this dissertation focuses on addressing these problems.
Primarily, reconfiguration speeds are improved from the order of several seconds to millisecond
ranges. Additionally, integrated actuation techniques are employed to demonstrate device
operation in the order of millions of cycles. Furthermore, all the proposed solutions are offered at
mm-wave bands, which represent the future of wireless communications technology. Proving that
microfluidic reconfiguration can potentially be competitive when compared to current applications
of MEMS or RFICs.
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Chapter 3:

Microfluidically Switched Microstrip Lines Using
Selectively Metallized Plates2

Microfluidic technology has been demonstrated in the past as switching mechanism for
microstrip lines [81], waveguides [82], and coplanar waveguides [18]. However, these applications
use liquid-metal inside the microfluidic channels. When there is no need for substrate elasticity,
introducing a Selectively Metallized Plate (SMP) inside the channel helps to circumvent the
limitations of liquid-metals [14]. Additionally, the SMP approach avoids oxidization and channel
contamination problems that have been noted to be present when liquid metal is used. Moreover,
the use of readily available PCB technology for manufacturing the SMPs provides design
flexibility and simplicity. All of this while maintaining the advantage of high conductivity of
copper traces of the PCB. Therefore, realizing a microfluidically controlled switch via the SMP
approach, increases the flexibility in application areas of this technology. The fundamental
switching approach exploited for this purpose is the one of strong capacitive coupling between the
metal traces of the SMP and the PCB metals. This allows for control of loss and isolation of the
RF switch by properly designing the switch geometry and substrate stack-up. This chapter presents
such approach and demonstrates the low loss and wide band capabilities of these types of switches.
3.1.

Microfluidically Switched Microstrip Line Design and Equivalent Circuit Model
A microstrip line that is microfluidically switched by an SMP can be designed by

considering a structure shown in in Figure 3.1(a). Moving the SMP along the channel makes it
2

Portions of this chapter have been published in [79, 80]. Copyright permissions can be found in Appendix B.
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Figure 3.1. Microfluidically switched microstrip line design layout. (a) Isometric view of the
microfluidically switched microstrip line stack-up, the materials used are PDMS for the fluidic
channel, BCB for the thin dielectric layer, Rogers RO4003C™ for the microstrips and
RT/Duroid® 5880 (εr = 2.2, tanδ = 0.0004) for the SMP with hmp = 0.254 mm, h = 0.203 mm
and d = 6 μm. Top views of the ON (b) and OFF (c) states of the switch.
possible to enable or interrupt the energy flow along the microstrip. The OFF and ON states of the
switch are depicted in Figures 3.1(b) and 3.1(c), respectively. The gap does not only interrupt the
energy flow but also provides control over the isolation. Microstrip gap discontinuities have been
widely studied in the past, and there are closed-form expressions already available in [83] that
model their behavior as capacitive 𝜋-network under certain circumstances (i.e. specific microstrip
width, gap spacing, substrate height and permittivity). When the dimensions of the microstrip gap
or substrate properties fall outside of the readily available formulae in [83], EM modeling can be
utilized to extract the equivalent Y-Parameters and calculate the corresponding capacitance values
as in [84]. In either case, the circuit model for the gap discontinuity consists of coupling capacitor
(𝐶𝑔 ) between the open ended microstrip lines and the two capacitors (𝐶𝑑 ) to ground from each
open end. Similarly, the coupling between the SMP and the microstrip lines can be modeled by

23

𝐶𝑠

(a)

(b)

(c)

(d)

Figure 3.2. Equivalent circuit model and performance of the switch. (a) Circuit model; (b)
scattering parameters obtained from EM and schematic simulations for 𝐿𝑜𝑣 = 0.5 mm (Circuit
Model: 𝑍0𝑚 = 50 Ω, 𝐿𝑜𝑣 = 0.736 mm, 𝐶𝑠 = 12.53 fF, 𝐿𝑠 = 128.26 pH, 𝐶𝑔 = 0.398 fF, 𝐶𝑑 =
11.734 fF and 𝐶𝑐 = 0.856 pF); (c) 𝑆11 and (d) 𝑆21 performances within 10 – 40 GHz band for
varying 𝐿𝑜𝑣 values.
two capacitors (𝐶𝑐 ) in the overlap areas. The SMP area over the gap can be represented by a low
pass 𝜋- network consisting of series inductor 𝐿𝑠 and shunt capacitors 𝐶𝑠 . Consequently, the
equivalent circuit model for the switch becomes as shown in Figure 3.2(a). It is important to note
that this model exhibits slight difference with respect to the ones presented in [66, 85] for liquid
metal loaded structures. Reference [85] models a microfluidically switched slot antenna with
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transmission lines, while the liquid-metal loading the slot is modeled by a shunt capacitance.
Reference [66] represents the coupling effect of the liquid-metal-filled microfluidic channel with
equivalent shunt open-circuited stubs. The model utilized here retains the microstrip lines under
the overlap areas as transmission lines with characteristic impedance 𝑍0𝑚 . These lines are modeled
as microstrips placed in the multi-layer substrate stack-up (ADS TLines-LineType library). The
coupling at the overlap areas is represented by the series capacitors 𝐶𝑐 in contrast to the circuits in
[66, 85] that utilize transmission lines. This circuit model is expected to have accuracy for
electrically short overlap lengths (𝐿𝑜𝑣 ≤ 𝜆𝑔 /4 = 1.31 mm) due to this series capacitance
approximation.
The validity of this circuit model is verified in Figure 3.2(b) by comparing the scattering
(𝑆) parameters obtained from the EM model (Keysight Advanced Design System [ADS]
Momentum) for 𝐿𝑜𝑣 = 0.5 mm and circuit schematic simulations. The initial value of 𝐶𝑐 is extracted
from the well-known parallel plate capacitor equation, 𝐿𝑠 and 𝐶𝑠 are calculated from equation (1)
of [86], 𝐶𝑔 and 𝐶𝑑 are evaluated from equation (5.20) in [84]. The gap length 𝐿𝑔 is selected as 0.8
mm to achieve > 28 dB isolation at 30 GHz with a compact size. The final component values of
the circuit model are obtained by matching the S-Parameter response of the circuit to the one from
the EM simulation through optimization. The variables that are optimized in the circuit model are
the coupling capacitance (𝐶𝑐 ), the equivalent inductance (𝐿𝑠 ) and capacitance (𝐶𝑠 ), and (𝐿𝑜𝑣 ). The
optimization compensates for the fringing fields and multilayered substrate that are not considered
in the calculation of the initial component values. Appendix A demonstrates the optimization
process chosen to validate the assumptions made within this circuit model. Figure 3.2(c) and 3.2(d)
depict the 𝑆11 and 𝑆21 performances of the switch for different 𝐿𝑜𝑣 values. As expected, large 𝐿𝑜𝑣
values correspond to larger coupling capacitances, lower insertion losses, and wider bandwidth
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performances. It is observed that insertion loss (IL) at 30 GHz remains < 0.2 dB for 𝐿𝑜𝑣 > 0.3 mm.
For the switch implementation, an 𝐿𝑜𝑣 value of 0.5 mm is selected to achieve a wide bandwidth
performance (|𝑆11 | < -10 dB above 10 GHz) and accommodate fabrication/positioning
uncertainties. Figure 3.2(c) and 3.2(d) also demonstrate the 𝑆11 and 𝑆21 performances of the switch
obtained from EM simulation for half guided wavelength overlap length (𝐿𝑜𝑣 = 𝜆𝑔 /2). It is clearly
seen that the performance is significantly deteriorated due to the realization of a broadside resonant
coupled line structure.
3.2.

Fabrication and Experimental Verification
To experimentally verify the simulated switch performance, a device prototype is

fabricated by utilizing the micro-molding techniques. For the microfluidic channel, a photoresist
(SU8-2075) mold is fabricated by standard photolithography on a dummy silicon wafer. Then, a
10:1 mixture of PDMS is poured on top in order to produce a 2 mm thick microfluidic chip housing
a 2 mm wide by 0.3 mm high microfluidic channel. The microstrip and metallized trace of the
moving plate is 𝑤 = 0.42 mm wide to realize 50 Ω lines. After patterning the microstrip via
standard photolithography, the substrate is spin-coated with a 6 µm thick insulating layer of BCB
and cured in a programmable convection oven attending to the manufacturer guidelines. Following
the curing process, the substrate is exposed to oxygen plasma activation (50 W for 30 s at < 0.7
Torr), submerged in a 5% (3-Aminopropyl)triethoxysilane (APTES) solution kept at 70 °C for 20
minutes, and dried with a nitrogen gun. Subsequently, the SMP is positioned on top of the
substrate, which is then brought in contact with the PDMS chip that has been exposed to plasma
activation. To ensure a strong bond between the substrate and the PDMS chip, the device is placed
in a convection oven at 110 °C for 30 min. In addition to the microfluidically switched microstrip
line, a continuous reference microstrip line is also fabricated under the identical substrate stack-up
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Figure 3.3. Microfluidically switcher microstrip prototype and its measured performance.
Microfluidically switched and reference microstrip line prototypes (a) with measured 𝑆11 and 𝑆21
performances (b).
for performance comparison. Figure 3.3 shows the fabricated lines and their measured
performances. Specifically, the microfluidically switched line performs almost identical with the
continuous line above 16 GHz exhibiting an |𝑆11 | < -10 dB. The IL difference is less than 0.2 dB
over a wide frequency range (> 20 GHz) as predicted by the circuit model.
3.3.

Chapter Summary
Microfluidically switched microstrip lines utilizing the selectively metallized plate

approach are introduced to demonstrate low loss and wideband performance of microfluidic
reconfiguration of microwave devices at mm-wave frequencies. The microfluidic switch performs
with less than 0.2 dB IL over 20 GHz bandwidth and an equivalent circuit model is developed to
aid in the design of such switches. Specifically, the equivalent circuit model can be employed to
develop complex networks with several switches as it will be demonstrated in the next chapter. By
utilizing this type of switching mechanism with microfluidic technology, it will be possible to
reduce device reconfiguration time from the order of seconds to a few hundreds of milliseconds.
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Chapter 4:

Millimeter-Wave Beam-Steering Focal Plane Arrays3

Microfluidic beam-steering focal plane arrays (MFPAs) offer beam-steering capabilities
without the need of active RF devices, potentially reducing costs and providing higher efficiency
performance. The concept of MFPAs was demonstrated by microfluidically positioning a patch
antenna (in the form of liquid metal [16] or metallized plate [78]) at the focal plane of an extended
hemispherical dielectric lens. However, the feed networks of [78] needed to accommodate the
position variation of the antenna element by making use of multiple resonance mechanisms.
Consequently, this made the bandwidth of the arrays dependent on array size. To solve this
limitation, a Selectively Metallized Plate (SMP) was introduced within a microfluidic channel to
implement a microfluidically switched feed network. This feed network utilizes the microfluidic
switching concept presented in Chapter 3. With this approach, same beam-steering range and
antenna gain as in [78] is achieved while providing reduced reconfiguration times. This was
possible by decreasing the motion range by a factor of about 10 times with a compact switching
mechanism. In addition, because the feed network does not rely on multiple resonant elements, a
better bandwidth performance is possible. Specifically, the need for resonant feed networks is
alleviated by resorting to a microstrip line feed network exhibiting gap discontinuities that can be
switched on/off by microfluidically repositioning an SMP. To be able to utilize a single bidirectional micropump unit, the gap discontinuities and SMP metallizations are arranged
strategically to sequentially direct the RF power to the antenna elements of the focal plane array.
3

Portions of this chapter have been published in [79, 80, 87]. Copyright permissions can be found in Appendix B.
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Furthermore, a position sensing approach integrated with the microfluidically repositionable SMP
is introduced for the first time to enable closed-loop precise positioning control.
It was experimentally verified that the MFPA exhibits 22.6 dBi peak gain corresponding
to < 3 dB feed network loss. The measured data agrees quite well with the expected device
performance extracted from a mixture of full-wave electromagnetics (EM) and circuit simulations.
These studies demonstrate that the microfluidically switched feed network performs with wide
bandwidth (~38%) and low insertion loss (IL). Hence, the feed antenna of the MFPA becomes the
major limiter of the bandwidth (as compared to the bandwidth limitation associated with the feed
network resonances presented in [78]). An integrated sensing approach for detecting the SMP
position is also demonstrated for the first time to facilitate the use of presented MFPAs with closedloop position controllers. The significantly reduced microfluidically actuated motion range (4.2
mm vs. 40 mm of [78]) is also experimentally shown to result in a much faster beam-scanning
performance (270 ms vs. 5.25 s of [78]).
4.1.

Operation Principle of the Microfluidically Switched MFPA
The substrate stack-up of the MFPA is presented in Figure 4.1(a) along with the external

piezoelectric micropump actuation mechanism. Rogers RO4003C™ (𝜀𝑟 = 3.38, tanδ = 0.0022)
laminates with 0.203 mm thickness and 17.5 µm of copper cladding are used as the substrates for
the patch antenna elements, microstrip line feed network, and the SMP located inside the
microfluidic channel. The patch antennas are excited with aperture coupling and designed to
operate at a center frequency of 30 GHz with an 8% fractional bandwidth (FBW). The antennas
are located at the back surface (i.e. focal plane) of an extended semi-hemispherical dielectric lens.
The lens is 8 cm in diameter with 4.32 cm extension length and made from Rexolite® (𝜀𝑟 = 2.55,
tanδ = 0.00085). Based on ray-tracing [78] and Tai & Pereira’s approximation [88], it provides
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Figure 4.1. Operational principle and design layout of the 8-element MFPA. (a) Substrate stackup; (b) selectively metallized plate (SMP) positioned to excite first antenna element; (c) SMP
positioned to excite last antenna element; (d) detailed layout with dimensions 𝑤 = 0.39, 𝐿1 = 2.25,
𝐿𝑜𝑣 = 0.5, 𝐿𝑔 = 0.8, 𝐿𝑔2 = 0.3, 𝐿𝑝 = 2.86, 𝐿𝑝𝑤 = 2.16, 𝐿𝑠 = 1.97, 𝐿𝑠𝑤 = 0.18, 𝐿𝑓 = 1.7, 𝑆𝑚𝑡 = 0.3, and
𝜆𝑔 = 5.23 (all units are in mm).
28.4 dBi directivity and ±30° beam-scanning capability. The microstrip line feed network is
designed with a specific set of gap discontinuities. The microfluidic channel that carries the SMP
is bonded to the surface of the feed network by utilizing a low loss thin benzocyclobutene (BCB,
εr = 2.65, tanδ = 0.00088 [89]) insulator layer. Consequently, the metallizations of the SMP are
brought near the feed network. To generate strong capacitive coupling (and a potential RF short30

based switch) between the two, the BCB thickness is selected as small as possible (6 µm for the
Cyclotene™ 3022-57 BCB resin available in our laboratory). The 270 𝜇m microfluidic channel is
prepared from a 2 mm thick Polydimethylsiloxane (PDMS, 𝜀𝑟 = 2.7, tanδ = 0.045 [90]). Motion
of the SMP is possible by filling the microfluidic channel with a low-loss dielectric liquid (SigmaAldrich FC-40, εr = 1.9, tanδ = 0.0003) and using a pair of parallel-connected piezoelectric
micropumps (Bartel mp6 30×15×3.8 mm3, ~200mW). A 1 mm thick soda-lime glass, (𝜀𝑟 = 6.2,
tan 𝛿 = 0.023) is bonded to the top of the microfluidic channel in order to prevent bulging of
PDMS due to the fluid pressure and its elastic nature.
The SMP carries sets of horizontal (x-directed) and vertical (y-directed) metallization strips
as shown in Figures 4.1 (b)-(d). The positions of horizontal and vertical strips are adjusted to
overlap with the microstrip feed line discontinuities at specific SMP positions. The horizontal
strips are placed in sets with changing element numbers. This is to ensure a sequential switching
functionality among the antenna elements. As an example, Figure 4.1(b) depicts the initial position
of the SMP that activates the antenna element in position #1 (𝑃1 ). Moving the SMP in a certain
increment along the y-axis [i.e. 𝑆𝑚𝑡 + 𝑤 based on the layout shown in Figure 4.1(d)] directs the
RF power from antenna element at 𝑃1 to 𝑃2 . Multiple increments or decrements in SMP position
can be used to activate any antenna element within the array. As an example of another state,
Figure 4.1(c) depicts the position of the SMP that directs the RF power towards the antenna
element at 𝑃8 . Layout details of the microstrip line feed network, SMP, and aperture coupled patch
antennas are presented in Figure 4.1(d).
4.2.

Microfluidically Switched Feed Network Design
The main concept of this design utilizes the microfluidically switched microstrip lines that

were introduced in Chapter 3. Several switched line elements are strategically cascaded to form a
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Figure 4.2. Figure 4.2.MFPA feed network layout and simulated performance for increasing
number of elements. (a) Subnetworks from the feed network of 8-element MFPA when the SMP
is positioned to direct RF power towards the antenna at position 𝑃5 ; (b) transmission line model
of the feed network with equivalent circuits in Figure 4 representing the switch behaviors (𝐶𝑠 =
13.13 fF, 𝐿𝑠 = 119.58 pH, 𝐶𝑔 = 2.11 fF, 𝐶𝑑 = 13.83 fF, 𝐶𝑐 = 0.863 pF, 𝐿𝑜𝑣 = 0.764 mm,
𝐿1𝑂𝐹𝐹 = 𝜆𝑔 /2 = 2.65 mm, 𝐿1𝑂𝐹𝐹 = 2.15 mm, 𝐿2 = 1.82 mm); (c) |𝑆𝐼𝑛 𝐼𝑛 | performance and (d)
|𝑆𝑃𝑖 𝐼𝑛 | for an 8-element array when SMP is positioned to excite each port 𝑃𝑖 .
feed network for beam-steering MFPAs. Figure 4.1 has already presented the detailed layout for
an 8 element MFPA. The performance of this feed network (or similar networks designed for larger
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1D arrays) can be investigated by considering the subnetworks shown in Figure 4.2(a).
Specifically, these subnetworks correspond to the regions of the feed network between antenna
positions 𝑃4 -𝑃5 (state #1) and 𝑃5 -𝑃6 (state #2) when the SMP is positioned to direct RF power
towards the antenna at position 𝑃5 . These states provide a Single-Pole-Double-Throw (SPDT)
switching functionality by directing RF power to flow towards x-axis from Port 1 to Port 2 (state
#1) or towards y-axis from Port 1 to Port 3 (state #2). From Figure 4.2(a) it can be noted that the
overlap length (𝐿𝑜𝑣 ) at the vertical switching position is equal to the width of the 50 Ω microstrip
line. This is done to provide design simplicity and to avoid extra coupling/mismatch effects at the
T-junction. Moreover, it is important to note that a half-wavelength 𝜆𝑔 /2 open circuited stub is
utilized to generate an open-circuit condition at the vertical switch junction to maximize the RF
power flow through the 90° bend. This 𝜆𝑔 /2 stub is therefore the main limiting factor for the
bandwidth of the feed network. Nevertheless, since any excited antenna within the array only
utilizes one of these stubs (except the last element that does not need the stub), the bandwidth of
the feed network is extremely wide as compared to the resonant feed networks of prior work that
require multiple wavelength long stubs [78].
The IL and bandwidth performance of the feed network can be conveniently analyzed for
varying array sizes by making use of transmission line theory and the equivalent circuit model of
the switch that was developed in Chapter 3 [as seen in Figure 4.2(b)]. The component values of
the equivalent circuit model are updated and optimized to match the switch placed in the substrate
stack-up of the MFPA. The antennas are replaced with ideal 50 Ω terminations to investigate the
antenna-independent performance of the feed network. The length of the transmission line that
corresponds to the half-wavelength stub (𝐿1 ) is modified from 𝐿1𝑂𝐹𝐹 to 𝐿1𝑂𝑁 depending on each
state of the switch. Figure 4.2(c) presents the |𝑆𝐼𝑛 𝐼𝑛 | performance of the 8-element array (𝑁 = 8)
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(a)
(b)
Figure 4.3. Insertion loss and bandwidth performance of the MFPA for different array sizes (i.e.
N=4, 8, 16, 32 and 64). (a) 𝑆21 performance of the feed network for different array sizes; (b)
Bandwidth performance as a function of array size.
as SMP is positioned to excite ports 𝑃1 to 𝑃8 It is seen that the bandwidths of the ports 𝑃1 − 𝑃7
are almost identical. The bandwidths of these ports are limited by the 𝜆𝑔 /2 stub. Since any excited
port only utilizes one stub (except the last element that does not need the stub), the bandwidth of
the feed network is still extremely wide (38%) as compared to the resonant feed networks that
require multiple wavelength long stubs [78]. The bandwidth of the last element is determined by
the switch performances. Figure 4.2(d) depicts the |𝑆𝑃𝑖 𝐼𝑛 | performance of the 8-element array
(𝑁 = 8) as SMP is positioned to excite ports 𝑃1 to 𝑃8 . At the center frequency of 30 GHz, it is
clearly observed that the IL increases from 𝑃1 to 𝑃8 and therefore IL can be attributed to the
microstrip line losses. The worst-case IL (1.58 dB) is observed for the last port (i.e. 𝑃𝑁 = 𝑃8 ) since
the last port is excited by the longest microstrip line.
Since 𝑃𝑁 exhibits the largest IL, Figure 4.3(a) presents the |𝑆𝑃𝑁 𝐼𝑛 | performance for varying
array sizes to investigate the worst-case feed network loss. Clearly a low loss performance is
achieved as compared to conventional SP2T switch loaded feed network implementations. For
example, a 16-element conventional beam-scanning FPA can be implemented with 15 SP2T
switches. Each excited element within this array would require RF power to pass through 4 SP2T
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(a)

(b)

Figure 4.4. Effect of metallized trace position and overlap length on insertion loss and isolation of
the feed network of the MFPA. 𝑆21 (a) and 𝑆32 (b) performances as a function of 𝑆𝑚𝑡 in State #1
and State #2 subnetworks shown in Figure 4.2(a), respectively.
switches. The IL is expected to be well above 4 dB (assuming 0.9 dB loss per switch [91]) due to
the interconnect and transmission line losses. In addition, the DC bias and switch state control lines
are expected to result in complex high-cost feed network assemblies. On the other hand, the 𝑁 =
16 MFPA feed network exhibits a simplified design and about 4 dB loss based on the transmission
line study discussed above. Figure 4.3(b) presents the |𝑆11 | < -10 dB bandwidth performance of
the feed network for varying array sizes. The (𝑁 − 1)𝑡ℎ element of the array and all the preceding
elements utilize a single 𝜆𝑔 /2 open circuited stub when the SMP is positioned to excite them.
While for the last element (𝑁 𝑡ℎ ) of the array, the bandwidth is limited by the switches connected
in series, since there are no resonant lines. This results in a worst case ~38% bandwidth (~12 GHz
at 30 GHz) performance independent of the array size.
It is important to mention that the spacing between the metallized traces (𝑆𝑚𝑡 ) of the SMP
also plays a role in the feed network performance. 𝑆𝑚𝑡 design is carried out by considering
reconfiguration speed and RF performance (i.e. isolation and IL). Larger 𝑆𝑚𝑡 values increase the
reconfiguration time needed when switching the excited antenna element, whereas smaller 𝑆𝑚𝑡
values negatively affect the RF performance due to coupling between adjacent metallized traces.
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The coupling effect is investigated by carrying out EM simulations of the state #1 subnetwork
shown in Figure 4.2(a) by assuming horizontal metallized traces exist on both sides of the
microstrip line. Figure 4.4(a) shows that the impact on 𝑆21 becomes negligible for 𝑆𝑚𝑡 > 0.2 mm.
For state #2, 𝑆32 (i.e. isolation) gets worse by smaller values of 𝑆𝑚𝑡 as shown in Figure 4.4(b). In
the presented 8-element MFPA layout, 𝑆𝑚𝑡 was selected to be 0.2 mm to ensure > 20dB isolation.
4.3.

Experimental Verification of MFPA Performance
Two MFPA prototypes were characterized, one corresponding to the design layout

described in Section 4.2 [see Figure 4.1(d)], and another one including additional features for
position sensing and control that will be described in Section 4.4. Both prototypes exhibit similar
performances. The MFPAs were fabricated by utilizing micro-molding, photolithography and
multilayered printed circuit board assembly techniques. The feed network is first fabricated by
standard photolithography and then the antenna coupling apertures are patterned onto the ground
plane by employing an optical mask aligner (EVG 620) for back-side alignment. This feed network
substrate is then bonded to the antenna substrate (with one side of its copper cladding removed)
by using a 100 µm thick Rogers RO4450F™ prepreg layer. The bonding is performed with a press
that keeps the substrates under the pressure and temperature rise guidelines recommended by
Rogers Corp. Following the bonding process, the patch antennas are patterned by standard
photolithography and feature alignment. The SMP shape is realized with a milling machine (LPKF
S63) and metallized traces are patterned via standard photolithography. The BCB deposition,
preparation of the microfluidic PDMS chip, and bonding the PDMS chip with the feed network
substrate is identical with the procedures discussed previously for the microfluidic switch. The
glass and the PDMS are bonded together through plasma activation with similar parameters used
in PDMS to BCB bonding.
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The fabricated prototype is presented in Figure 4.5(a) and the measured 𝑆11 and 30 GHz xz plane normalized gain patterns of the array are shown in Figures 4.5(b) and 4.5(c), respectively,
for SMP positions corresponding to different antenna excitations. The measured 𝑆11 performances
demonstrate that the MFPA bandwidth (i.e. 8% |𝑆11 | < -10 dB) is established solely by the antenna
element in contrast to prior work that was limited by the resonant feed network itself (i.e. 3%). EM
simulations carried out by Keysight ADS Momentum predict similar 𝑆11 performances when all
substrate discontinuities exhibited in the prototype are accounted for (i.e. the extension line needed
to accommodate the edge connector for experimental purposes does not completely lie under the
PDMS chip and crosses over different substrate stack-up regions). The measured gain values are
observed to remain almost constant across the bandwidth. The beam-steering capability is

(a)

(b)
(c)
Figure 4.5. Fabricated MFPA and its measured performance. Isometric, top and bottom views of
the prototype (a). Measured 𝑆11 performance as the SMP is positioned to excite the antennas at
locations 𝑃1 to 𝑃8 (b) and x-z plane normalized gain at 30 GHz (c).
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demonstrated in Figure 4.5(c). The patterns exhibit 7° half-power beamwidth with > 20 dB realized
gain at 30 GHz. The simulated and measured gain values agree within 1dB. These differences may
be due to the minor misalignments in microfluidic channel bonding, FC-40 presence below the
SMP, and minor uncertainties/errors in anechoic chamber measurements. Nevertheless, even when
the losses introduced by the edge connector, lens, extension line, antenna efficiency are considered,
and the 1 dB gain disagreement is assigned to feed network loss (i.e. the worst-case scenario), the
measured feed network loss remains equal or less than 3 dB. A summary of the measured data
compared to the expected theoretical results is presented in Table 4.1.
4.4.

Closed-Loop-Control Considerations for SMP Positioning
The small motion range (4.2 mm total) and positioning accuracy needed for the RF

switching functionality (0.6 mm increments) is expected to necessitate a reliable technique for
sensing/controlling the SMP position. The SMP technique provides a convenient way to
implement non-destructive sensing schemes since the plate size/shape can be adjusted to include
metallization traces for sensing purposes. To demonstrate this possibility, the SMP shape was
modified to include a trapezoidal metallization area as shown in Figure 4.6(a). This metallization
area interacts with an inductive spiral coil (13.9 mm diameter, double layer, 19 turns/layer, 0.15
mm trace width and spacing) that is interfaced with the Texas Instruments (TI) LDC1614
inductance to digital converter chip (LDC) as shown in Figure 4.6(b) [92]. The inductance of the
coil is modified as the position of the trapezoidal metallization within the microfluidic channel is
varied. The trapezoidal shape of the metallized pattern allows for a smooth change in the
inductance as the SMP is repositioned. The LDC1614 features 28 bits of resolution and potentially
provides sub-micron position sensing accuracy [92]. The sensing coil and inductance-to-digital
converter used in Figure 4.6 are from the TI evaluation module (TI-EVM) which provides the
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Table 4.1. Measured gain performance of the MFPA.
Excited Antenna #
1
Steering Angle
24.5⁰ / 25⁰
(Measured / Calculated)
Theoretical Gain (dB)
28.4
Connector Loss (dB)
0.5
Ext. Line Loss (dB)
2.05
Lens Loss (dB)
2.2
Feed Network Loss (dB)
0.16
Antenna Efficiency (dB)
1.02
Expected Gain (dB)
22.47
Measured Gain (dB)
21.9

2

3

4

5

18° / 18°

11.5⁰ / 11⁰

3.5⁰ / 4⁰

-4⁰ / -4⁰

28.4
0.5
2.05
1
0.37
1.02
23.46
22.2

28.4
0.5
2.05
0.4
0.58
1.02
23.85
22.4

28.4
0.5
2.05
0.7
0.8
1.02
23.33
22.6

28.4
0.5
2.05
0.7
1.05
1.02
23.08
22.5

6

7

8

-10.5⁰ / -11⁰ -17.5⁰ / -18⁰ -25.5⁰ / -25⁰
28.4
0.5
2.05
0.4
1.23
1.02
23.20
22.2

28.4
0.5
2.05
1
1.45
1.02
22.38
21.0

28.4
0.5
2.05
2.2
1.58
1.02
21.05
20.2
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Figure 4.6. Position sensing implementation within the SMP of the MFPA. (a) Modified SMP and
microfluidic channel shape to achieve position sensing by using TI inductor to digital converter
chip; (b) Experimental setup for position sensing; (c) Detected inductance values as the SMP is
re-positioned from 𝑃1 to 𝑃8 .

LDC1614 along with a micro processing unit. In addition, the measured inductance values can be
easily accessed via the vendor-provided software through USB interface.
Figure 4.6(c) presents the measured inductance by the TI-EVM as the SMP is moved across
all switching positions (i.e. from 𝑃1 to 𝑃8 ). Specifically, the coil inductance varies by ~0.6 nH as
the switching position is changed. The position-based variation observed in inductance values
clearly demonstrates that the SMP position can be accurately controlled in a closed-loop control
system. Further improvements in inductance variation range and shape could be potentially
achieved by redesigning the metallized trace, sensor coil and substrate thicknesses. With the shown
SMP configuration and micropumps, the reconfiguration time between two switched beams is
tested to be about ~39 ms. The travel time from the first position (𝑃1 ) to the last (𝑃8 ) is measured
to be ~270 ms. This speed is significantly improved as compared to prior work that needed a large
motion range (270 ms vs. 5.25 s [78]). This application demonstrates the flexibility of the SMP
approach to integrate sensing schemes that can provide closed-loop control of the SMP position.
Additionally, with the achievements on improved bandwidth and much shorter reconfiguration
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speed performances, it is now possible to expand the MFPA concept into high-gain twodimensional beam-steering arrays at mm-wave frequencies.
4.5.

Millimeter-Wave 2D Beam-Steering Focal Plane Array with Microfluidically

Switched Feed Networks
The need for high-gain beam-steering arrays at mm-wave frequencies, makes it necessary
to integrate a high number of antenna elements which can be reconfigured on-demand to provide
control over the antenna beam direction. Having demonstrated a compact application for 1D beamsteering MFPAs in the previous section, it is now possible to extend the microfluidically switched
feed network concept to 2D beam-steering. This application will be discussed through an 8×8 array
design.
4.5.1. 2D Beam-Steering MFPA Design
The 1D beam-steering MFPA concept presented in the previous section can be extended
into 2D beam-steering by employing an array of the feed network of Figure 4.2(a). As seen in
Figure 4.7(a), independent beam-steering in two orthogonal planes can also be achieved by
utilizing two distinct microfluidic channels each connected to their own bi-directional micropump
unit. In the layout shown in Figure 4.7(a), the micropumps of the microfluidic channel on the left
allows for row selection. On the other hand, the micropumps of the microfluidic channel on the
right is utilized to excite antenna elements within a desired column. The larger size of the
selectively metallized plate within this microfluidic channel allows such operation. The total
movement needed by the plates is equal to 4.2 mm. Based on the capabilities of the piezoelectric
micropumps utilized in our experiments, it is expected that the worst-case beam-steering scenario
(i.e. sequential excitation of elements in ends of a diagonal) will be completed in ~140 ms.
Switching among adjacent elements (i.e. beams) is expected to take about ~20 ms. Figure 4.7(b)
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Figure 4.7. Design layout and simulated S-Parameter performance of the 8×8 1-D beam-steering
MFPA. Layout of the 8×8 MFPA (a). The selectively metallized plate states are shown for the case
when the aperture coupled patch antenna in row 4-column 8 is excited. Simulated worst case |𝑆21 |
for the 8×8 MFPA feed network (b).
presents the simulated |𝑆21 | performance for the worst-case scenarios (i.e. last antenna location
within each row of the array). Specifically, the loss is < 5.2 dB and promising for impelemntation
of low-cost efficient large format high gain beam-steering mm-wave antenna arrays.
4.6.

Chapter Summary
A low-loss and wideband microfluidically switched feed network is presented for mm-

wave beam-steering applications. For this purpose, the microfluidically switched microstrip line
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design introduced in Chapter 3 is implemented in a cascaded SP2T configuration. As compared to
previous microfluidic beam-steering focal plane arrays designs, the switching time, bandwidth,
and loss performances are significantly improved by replacing the need for resonant microstrip
lines with microfluidic switches. With this compact microfluidically switched feed network
design, a microfluidically switched beam-steering focal plane array concept has been extended for
2D beam-steering. Specifically, a simulated feed network loss < 5.2 dB is demonstrated for a 64
element (8×8) MFPA configuration.
Thanks to these advances, microfluidic reconfiguration technology demonstrated
promising advantages as compared to current existing technologies (i.e. MEMS and RFICs) at
mm-wave frequencies. It is possible now to reconfigure the MFPA in about 40 ms, as compared
to over 5 s in previous designs. This compact ranges allow for integrated actuation mechanisms
that will help solve the integration and reliability test challenges of microfluidic technology, as it
will be demonstrated in the following chapters.
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Chapter 5:

Integrated Piezoelectric Actuation and Miniaturization

of Millimeter-Wave Microfluidically Switched Microstrip Lines4

Although microfluidic technology has been shown to be promising for mm-wave
applications in previous chapters, the lack of an integrated actuation mechanism with fast
reconfiguration time continues to limit its practical use. Development of integrated actuation
mechanism can also allow for long-term testing of the microfluidically reconfigurable microwave
devices in order to fully assess their applicability. To address this need, a piezoelectric actuation
concept is introduced to operate a miniaturized version of the microfluidically switched microstrip
line from Chapter 3. The switch in Chapter 3 operated in mm-wave band width a microfluidically
reconfigurable Selectively Metallized Plate (SMP) actuated within (~10 µm) microfluidic channel
walls using bulky external piezoelectric pumps. However, the switch needs only an SMP
displacement of 0.6 mm to provide the ON and OFF capabilities with <0.3 dB insertion loss (IL)
and 20 dB isolation. These micro-scale actuation ranges needed for mm-wave device operation
also motivates to pursue an integrated compact actuation mechanism that is expected to provide
much smaller motion range as compared to the external pumps, but yet offer a satisfactory range
for operation in mm-wave band.
Actuation of microfluidically reconfigurable RF devices has so far been performed with
electrowetting [95], external micropumps [17] or syringes [81]. Among these, electrowetting has
been the only technique available for integration. However, electrowetting has been applied for
4

Portions of this chapter have been published in [93, 94]. Copyright permissions can be found in Appendix B.
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liquid metals and resulted in low device efficiencies (due to inclusion of electrolytes) and slow
actuation speeds (2.25 s due to long actuation distance needs [95]). Motivated from these aspects,
an SMP-based mm-wave single-pole single-throw (SPST) switch is integrated with a piezoelectric
actuator. Specifically, the switch layout of Chapter 3 is first redesigned to exhibit a smaller
footprint to reduce the actuation distance between the ON and OFF states. The new design
maintains wideband and low-loss performance at mm-wave band. A switch prototype confirms the
wide-band (18 GHz) and low-loss (<0.42 dB) performance while operating with rise/fall times
down to 1.12 ms. The prototype has also been actuated up to 3 million cycles with no performance
degradation before the test is terminated.
5.1.

Microfluidic Switch Miniaturization
The substrate stack-up and layouts of the SPST switch in its ON/OFF states are presented

in Figure 4.1. The stack-up consists of a single layer of printed circuit board (PCB) and material
layers used to form microfluidic channels at the top and bottom surfaces of the PCB. Microstrip
line exhibiting a gap discontinuity is patterned on the top surface of the PCB. Sidewalls of a
microfluidic channel are fabricated around this discontinuity and closed from the top with a solid
fused silica slide after the SMP placement. The SMP metallization faces towards the microstrip
line discontinuity. The SMP is covered with a 2 µm thin dielectric layer and capacitively loads the
microstrip line discontinuity to approximate an RF short-circuit condition. The microfluidic
channel is filled with low loss dielectric liquid Sigma-Aldrich Fluorinert FC-40 (𝜀𝑟 = 1.9, tan 𝛿 =
2×10-4). Current fabrication approach within our group results in ~8 µm surface roughness on
microfluidic channel sidewall height. This brings the separation between the SMP metallization
and microstrip line into the ~10 µm range where majority of the volume being filled by the liquid
FC-40. Switching occurs as the SMP is positioned on top of the gap (ON) or moved away from
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Figure 5.1. Substrate stack-up detail and design layout of the miniaturized SPST
switch. Substrate stack-up (a) and design layouts in ON (b) and OFF states (c).

microfluidic

the gap (OFF) actuated by the fluid motion [see Figure 5.1(b-c)]. A secondary microfluidic channel
is placed below the ground plane of the PCB to realize the integrated actuation mechanism. This
channel is formed from a layer of Polydimethylsiloxane (PDMS, 𝜀𝑟 = 2.7, tan 𝛿 = 0.045) and
bonded to the PCB using the treatment reported in [26]. It contains two fluidic reservoirs with one
of them being loaded by a piezoelectric actuator. This construction allows for a compact device
since the area on the top surface of the PCB remains available for other RF functionalities. The
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microstrip lines are designed to exhibit 50 Ω characteristic impedance at 30 GHz [78] and
fabricated by standard photolithography on a 0.4 mm thick Rogers RO4003C substrate (𝜀𝑟 = 3.55,
tan 𝛿 = 2.2×10-3) with 17.5 µm copper cladding. The microfluidic channel sidewalls are fabricated
from a 250 µm thick SU-8 2075 (MicroChem) layer (𝜀𝑟 = 3.25, tan 𝛿 = 0.017) through standard
photolithography and mask alignment features. The SMP is processed on a 0.2 mm thick Rogers
RO4003C via photolithography. After etching the metallized traces, a 2 µm thin-film of Parylene
N (𝜀𝑟 = 2.4, tan 𝛿 = 2×10-4) is deposited on the SMP substrate and then cut with a dicing saw.
The microfluidic channel is sealed using a 1 mm thick fused silica slide (𝜀𝑟 = 3.81, tan 𝛿 =
4 × 10 4 ) by SU8 adhesion bonding process after the SMP placement.
An important design goal is to minimize the SMP and microstrip overlap areas. A small
SMP size reduces the reconfiguration time when switching between the ON and OFF states.
However, overlap areas must also be large enough to meet desired IL and impedance matching
performance (|𝑆11 | < -10 dB). The design starts with selecting the width of the overlap areas
(𝑤𝑜𝑣 ). Based on the smallest feature size that can be fabricated very reliably in available facilities,
𝑤𝑜𝑣 = 0.15 mm is selected. The initial estimation for the overlap length (𝐿𝑜𝑣 ) is based on the
parallel plate capacitance of the overlap area (𝐶𝑜𝑣 ) neglecting fringe fields. To ensure |𝑆11 | < -10
dB above 25 GHz, a series 0.18 pF capacitor is required. This implies a 𝐶𝑜𝑣 = 0.36 pF by
approximately representing the two overlap areas as two capacitors connected in series. From the
𝐶𝑜𝑣 value, overlap length is calculated as 𝐿𝑜𝑣 = 1.4 mm by considering a 10 µm thin dielectric
layer (i.e., Parylene + FC-40) between the overlap areas and employing the parallel plate capacitor
equation. Spacing between the microstrip lines (𝐿𝑔 ) is selected as 0.8 mm to ensure >20 dB
isolation at 30 GHz. The transition from 50 Ω lines to the thin overlap trace can be achieved
gradually with a tapered line as seen in Figures 5.1(b) and 5.1(c). From these initial considerations,
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Ref. Planes
50 Ω Reference Line

SPST Switch (ON)
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(c)
Figure 5.2. Simulated performance of the SPST microfluidic switch, and detail of the integrated
actuation concept. (a) Simulated performance of the switch and comparison to a continuous 50 Ω
microstrip line under the same substrate stack-up. (b) Layout of the proposed actuation mechanism
with no voltage and (c) with voltage applied.
parameterized full wave simulations are carried with Keysight ADS Momentum to identify the
best overall performance of the switch under different overlap and taper lengths. The dimensions
obtained from these simulations are 1.25 mm for taper length and 0.25 mm for the overlap length.
This implies that the metallization area of the SMP in the switch is being miniaturized from
0.49×1.8 mm2 to 0.15×1.3 mm2 (i.e., ~73% area reduction) as compared to the prior design
demonstrated in Chapter 3.
Although 𝐿𝑔 = 0.8 mm provides >20 dB isolation, the vicinity of SMP to the microstrip
line gap reduces the isolation. From simulations, it is determined that SMP needs to be displaced
by 0.3 mm away from the gap to achieve 20 dB isolation. Hence, SMP actuation range is 0.3 mm
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and implies a 50% reduction as compared to the switch of Chapter 3. The simulated performance
of the switch at the reference planes is presented in Figure 5.2(a) while being compared to a
continuous 50 Ω microstrip line constructed under the same substrate stack-up. The IL
performance of the switch is confirmed as 0.25 dB at 30 GHz and exhibits |𝑆11 | < −10 dB
bandwidth from 22 GHz up to 40 GHz, along with 20 dB isolation.
5.2.

Integrated Piezoelectric Actuation for Microfluidic Reconfiguration
Figures 5.2(b) and 5.2(c) depict the operation principle of the piezoelectric actuation. To

place the piezoelectric disk over the reservoir, a 25 µm thick copper cladded flexible liquid-crystal
polymer (LCP) (Rogers ULTRALAM 3850) was patterned and bonded on top of the PDMS
reservoir using the procedures reported in [26]. The copper cladding on the LCP provides a
convenient technique for applying the driving voltage to the actuator. The piezoelectric actuator is
bonded to the copper side of the LCP using silver epoxy (Epotek H20E). For this SPST prototype,
an actuator with diameter of 12.7 mm was used. The aspect ratio variation from reservoir to the
channel amplifies the out-of-plane displacement of the actuator (max 19 µm) into an in-plane SMP
displacement of 0.3 mm. The liquid reservoirs are 12.5 mm in diameter, and they are connected to
the top microfluidic channel by holes drilled through the microstrip substrate. Applying an
actuation voltage bends the actuator and causes the fluid to push the SMP along the channel. The
secondary PDMS membrane flexes to allow volume displacement. The use of hard materials in
the construction of the microfluidic channel hosting the SMP avoids losses in pressure and
potentially maximizes the SMP motion.
5.3.

SPST Switch Protype Performance
Figure 5.3(a) shows the SPST switch prototype from the top and bottom. The S-Parameter

performance of the switch is verified at the reference planes where RF edge connectors are placed.
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(a)

1.12 ms

(b)

(c)

(d)

(e)

Figure 5.3. SPST switch prototype and its measured performance. Prototype (a); S-Parameter
response of the test set-up (b); Measured rise time (c); Measured and simulated steady state
maximum temperature on device for changing RF power (d); IR image under 20 minutes of
continuous 2 W 32 GHz RF input power (e).
The IL performance is measured after applying voltage to the piezoelectric actuator and placing
the SMP to its ON position. From simulations, the total IL of the microstrip extension lines are
expected to be 1.25 dB at 30 GHz. Each connector introduces 0.47 dB IL based on experimental
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characterization. The measured IL of the SPST switch prototype is 2.61 dB as shown in Fig 5.3(b).
This implies 0.42 dB IL from the switch and agrees well with simulation-based expectation (0.25
dB). The 0.17 dB difference can be attributed to inaccuracy in material properties and errors in
measurements. To test reconfiguration speed, repeatability and reliability; a measurement setup
like the one reported in [96] was used. A 25 Hz square-wave signal is used to actuate the
piezoelectric actuator. The lowest peak voltage (𝑉𝑝𝑘 ) that can reliably actuate the SPST switch is
observed to be ±27 𝑉𝑝𝑘 . Under this actuation voltage, switch reconfiguration time is 3.65 ms.
Increasing the actuation voltage is observed to lower this reconfiguration time. However,
exceeding ±52 𝑉𝑝𝑘 actuation voltage yields practically no other improvement for the
reconfiguration time. Specifically, with ±52 𝑉𝑝𝑘 actuation voltage, the reconfiguration time is 1.12
ms as shown in Figure 5.3(c). This indicates a 36× faster switching speed with respect to pumpbased actuation in Chapter 3. Fast reconfiguration speed also allows investigating the lifetime of
the switch. The switch is actuated up to 3 million cycles under RF excitation before terminating
the experiments. As shown in Figure 5.3(b), the switch operates with no considerable degradation
in performance. Future work will consider acquiring dedicated RF sources to investigate switch
lifetime for considerably larger number of actuation cycles.
Power handling capability of the switch is evaluated with multiphysics simulations by
employing ANSYS Workbench 19.1 and Electronics Desktop (HFSS). Based on steady-state
thermal simulations, the switch can withstand up to 30 W of continuous RF power without
requiring cooling, heat-sink attachment, or a thicker ground plane. The simulations predict a
maximum temperature of 163°C under this power excitation, which is slightly below the boiling
temperature (165°C) of the FC-40 liquid used inside the microfluidic channel. Other materials used
within the switch construction can withstand higher temperatures. However, thermal expansion of
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Table 5.1. Performance comparison of different SPST switch technologies.
Freq.
IL max. Isolation DC Power
Reference
Switch Type
(GHz)
(dB)
(dB)
(mW)

Pout
(dBm)

Reconfiguration
Time

[97]

0.13µm CMOS

30-40

1.5

24

-

12

-

[98]

PCM (GeTe)

0-20

0.6

20

92

20

0.6 ms

[17]

Microfluidic CPW

10-40

1.3

27.5

100

-

~10 ms*

[95]

Microfluidic CPW

0-11

2

10

16

-

2.25 s

22-40

0.42

20

12

43*

1.12 ms

This Work Microfluidic Microstrip
*Simulated / Estimated
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materials must also be considered, and this may be a limiting factor when operating with such
higher temperatures. Figure 5.3(d) shows the simulated and measured maximum temperature
observed inside the device as a function of input RF power. In experiments, the switch is kept in
its ON state with 27 V actuation voltage and excited by a 2 W mm-wave power amplifier (Quinstar
QPW-31403330-A0). Its thermal profile [see Figure 5.3(e)] was captured with a Keysight U5850
TrueIR. For each excitation power level, the thermal profile was taken after 20 min. of operation
when a steady-state temperature distribution was reached. The measured and expected
temperatures are in good agreement. Table 5.1 presents a performance comparison between the
presented SPST switch and other technologies. It demonstrates superior power handling capability
when compared to semi-conductors and considerably fast reconfiguration speeds as compared to
other microfluidic switches.
5.4.

Single-Pole Multiple-Throw Microfluidic Switches
The SPST from the previous section can be extended to a single-pole four-throw (SP4T)

design as shown in Figure 5.4(a). Its simulated performance is presented in Figure 5.4(b) for the
position where Port 2 is activated. The wide-band and low-loss characteristics of this switch can

Microfluidic
Channel

Moving Plate
with Selective
Metallization

RF Towards
Port 2

|𝑆11 |

|𝑆21 |

|𝑆41 |

|𝑆45 |

|𝑆31 |

|𝑆51 |

(a)
(b)
Figure 5.4. Proposed SP4T design and its simulated performance. Design layout (a) and simulated
performance when port 2 of the switch is connected (b).
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51 mm
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Bottom View of SMP

(a)

(b)
Figure 5.5. SP4T prototype and its measured S-Parameter performance. (a) SP4T prototype; (b)
measured performance of the SP4T switch for its varying switch states.
be maintained in a SP4T configuration. Less than 0.7 IL at 30 GHz and over 18 dB isolation.
Furthermore, such compact design will also allow for fast switching times when actuated by a
piezoelectric bending disk. Additionally, these microfluidically actuated mm-wave switches can
be implemented within applications towards mm-wave beam-steering. Packaging the actuator
under the ground plane enables a compact footprint and allows to utilize available PCB area for
other RF functionalities.
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5.4.1. Experimental Verification of the Single-Pole Four-Throw Microfluidic Switch
The SP4T prototype is fabricated within a similar substrate stack-up as the SPST from
previous section. The fabrication process is similar as explained above. The main difference is
within the microfluidic channel. The channel for the SP4T is realized in a PDMS chip by softphotolithography for rapid-prototyping purposes. Below the switch PCB, a microfluidic channel
with an integrated piezoelectric actuator, similar as with the SPST, enables the motion of the SMP.
Figures 5.5(a) and 5.5(b) show a close-up view of the prototype and its measured performance
respectively. The meandered lines observed for the SMP in Figure 5.5(a) improve isolation
performance of the switch. The SP4T switch exhibits <0.9 dB IL at each ON position and >18 dB
isolation at 30 GHz. Additionally, it exhibits >18 GHz operational bandwidth (BW) with |𝑆11 | <
−10 dB.
5.4.2. Microfluidically Switched Beam-Forming Network with Integrated Actuation
Having a compact microfluidic switching design allows for the integration of the switching
mechanism into a beam-forming network at mm-wave frequencies. One such network can be
2x2 Butler Matrix with Microfluidic Switches
Area: 25 mm × 15 mm

#1

#2

RF
In

#3

30 GHz Patch
Antenna Element

#4

Area:
4 mm × 4 mm

Beam-Steering
Performance

Figure 5.6. Proposed SP4T design integrated within a 4×4 Butler matrix beam-forming network.
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Figure 5.7. Integrated SP4T and compact actuation mechanism for mm-wave beam-steering. Topisometric view (a) and bottom-isometric view (b). Detailed/exploded view of the array (c) and
simulated beam-steering performance (d).
realized with 4×4 Butler matrix configuration such as the one presented in Figure 5.6. This design
allows for 1D beam steering with a ±45° field-of-view within four beam positions as the switch is
operated. Furthermore, the SP4T and actuation mechanism can be integrated to form a compact
beam-steering antenna array as shown in Figure 5.7(a) and 5.7(b). This integration makes use of a
4×4 Butler matrix similarly as shown in Figure 5.6. The design of the array is based on stacking
two PCB substrates with a common ground plane. The bottom and top metallization surfaces of
the PCB carry the two halves of the Butler matrix. These halves are connected to each other with
metallized vias. The SP4T switch is placed on the opposite side of the antenna elements while
piezoelectric disk is on the same surface with the elements [a detailed view of the PCB layers and
actuation mechanism is offered in Figure 5.7(c)]. However, it is important to note that different
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arrangements are also possible with the proposed switches. Beam-steering performance is shown
in Figure 5.7(d). Based on full wave simulations, the array is expected to perform with 10.2 dBi
realized gain and 13% |𝑆11 | < −10dB BW.
5.5.

Chapter Summary
A low-loss and wideband microfluidic switch actuated with an integrated and compact

piezoelectric mechanism is presented. The SPST switch prototype demonstrates 0.42 dB IL with
an operating bandwidth from 22 to 40 GHz. A piezoelectric actuation mechanism is successfully
integrated for the first time in an SMP-based microfluidic device. The integrated piezoelectric
actuation enables reliability and reconfiguration time characterization of the prototype. The SPST
switch demonstrates 1.12 ms switching time, making it the fastest microfluidically-actuated switch
reported to date. Furthermore, the prototype is operated up to ~3×106 switching cycles with no
apparent performance degradation. Additionally, power handling measurements show the
potential of microfluidic switches based on the SMP approach to provide >43 dBm at mm-wave
frequencies. The SPST design is demonstrated to be scalable for multi-throw operations with an
SP4T design that maintains similar IL and wideband performance as the SPST in a compact
package. The SP4T switch is subsequently used to develop a 4-element mm-wave beam-steering
antenna array demonstrating the advanced capabilities of integrating the microfluidic actuation
mechanism in compact device.
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Chapter 6:

Microfluidically Reconfigurable Millimeter-Wave Hairpin Band-Pass

Filters with Integrated Actuation for Continuous Bandwidth and Frequency Control 5

The realization of integrated actuation of microfluidic devices via piezoelectric bending
actuators [93], as demonstrated in Chapter 5, has eliminated the need for bulky external
micropumps and provided a path for compact designs of microfluidically reconfigurable RF
devices. Additionally, the integrated actuation is made possible due to the advantage of reduced
device size at mm-wave frequencies, where small deflections by the piezoelectric actuator (e.g.
tenths to hundredths of 𝜇m) can be transformed into several millimeters of liquid motion. This has
enabled microfluidic devices with reconfiguration times of about 1 ms [93]. The integrated
actuation provides additional design flexibility by allowing the microfluidic device to be fully
packaged in one compact structure using thin-film and multi-layered fabrication techniques.
Simultaneously, by utilizing integrated piezoelectric actuators that enable device reconfiguration
times in the millisecond range, it is now possible to realize reliability and repeatability tests in the
order of millions of cycles [93]. All these advantages allow the opportunity to expand the concept
of microfluidic reconfiguration via Selectively Metallized Plates (SMPs) with integrated actuation,
presented in Chapter 5, into reconfigurable filters with frequency tuning and bandwidth control.
Piezoelectric actuators can be used to drive two separate microfluidic channels as seen in Figure
6.1(a), to provide independent control of frequency and bandwidth while maintaining a relatively
small footprint for mm-wave applications.
5

Portions of this chapter were submitted to IEEE Transactions on Microwave Theory and Techniques.
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(a)
(b)
Figure 6.1. Microfluidically tunable filter design concept with frequency and bandwidth
reconfiguration. Substrate stack-up of the frequency and bandwidth tunable filter with integrated
actuation (a); Coupling diagram (b).
The major contributions of this chapter are (i) to demonstrate, for the first time, the
capabilities of SMP-based microfluidic reconfiguration of filters at mm-wave frequencies; (ii)
introduce a microfluidically reconfigurable filter design with independent and continuous control
of frequency and bandwidth at mm-wave frequencies; and (iii) investigate reliability,
reconfiguration speed, and power handling performance of the microfluidically reconfigurable.
For these purposes, this chapter discusses three separate filter designs and prototypes. The first
design is a frequency tunable band pass filter (FT-BPF). The second design is a bandwidth tunable
band pass filter (BT-BPF). The third design can be considered as combination of the two filters
providing bandwidth and frequency tuning capabilities simultaneously (FBT-BPF). The filter
topology is based on a third order coupled resonator BPF where resonance frequencies and interresonator couplings must be simultaneously tuned for the desired functionalities [see Figure
6.1(b)]. The frequency tuning range is selected to be 28 GHz – 38 GHz band due to emerging
interest in mm-wave communications. The FT-BPF is designed to maintain a constant 7%
fractional bandwidth (FBW) within the band. This is motivated from the bandwidth of 28 GHz
(e.g. 27 GHz – 29 GHz and 26.5 GHz – 29.5 GHz) and 38 GHz (e.g. 36.5 GHz – 39.5 GHz and
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37 GHz – 41 GHz) frequency bands [16, 17]; however, different design specifications can also be
pursued. The BT-BPF design carried out at 38 GHz. The filter offers 7% to 16% FBW control.
The FBT-BPF design operates with frequency tuning range from 28 GHz to 38 GHz while
achieving bandwidth tunability from 7% to 12% at 28 GHz and 7% to 16% at 38 GHz. It is shown
that the filter prototypes perform with worst-case insertion loss (IL) of 3.1 dB at 38 GHz. They
offer 7.8%–16.7% 3 dB FBW tunability at 38 GHz and 7%–12% 3dB FBW tunability at 28 GHz.
A reconfiguration speed of 285 MHz/ms is achieved and actuation cycles up to 12 million are
demonstrated. The FBT-BPF is characterized to handle up to 5 W of continuous RF power without
needing thick ground planes or heat sinks.
6.1.

Frequency and Bandwidth Tuning Principles
The coupling diagram in Figure 6.1(b) demonstrates the concept of achieving frequency

and bandwidth tunability from a third order BPF. Resonance frequencies of the resonators and
their inter-resonator coupling coefficients must be controllable. For a symmetrical filter response,
the coupling coefficients 𝑀12 and 𝑀23 need to be equal along with synchronized resonance
frequencies. External quality factor (𝑄𝑒 ) and coupling coefficients can be determined from the
coupled resonator filter theory [99] to achieve the desired filter response and FBW. For wellknown filter types (such as Chebyshev and maximally flat), the link between low-pass filter
prototype and coupling coefficients is already established [99].
Frequency tunability of microwave filters is commonly achieved by capacitively loading
the resonators or modifying the physical dimensions of the resonators. A well-known approach for
capacitive loading based frequency tunability is microstrip combline topologies implemented with
varactors [100]. A similar capacitive loading approach is demonstrated with microfluidics in [25]
where the repositionable SMP metallizations act as the varactors loading the resonators. A well-
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known approach for physical dimension variation based frequency tunability is the semiconductor
[101] or MEMS switch loaded resonators [102]. Physical variation based frequency is tuning is
also shown to be possible with microfluidics in [27] where repositionable SMP acts as the
resonator itself. Bandwidth tunability of microwave filters is also commonly achieved with
capacitive loading to modify the inter-resonator couplings. Simultaneous frequency and bandwidth
control increases the number of the control elements (i.e. varactors and/or switches) and penalizes
the IL of the filter. This becomes high in mm-wave frequencies with IL values reaching up to 9
dB at 20 GHz (see Table 6.1 in Section 6.7 for comparison of state of the art and presented filters).
On the other hand, frequency and/or bandwidth tunable filters have never been implemented in
mm-wave frequencies with microfluidics. As will be shown, these filters can offer significant
advantages in IL and power handling capability from a compact footprint.
Implementing independent control for frequency and bandwidth tunability with
microfluidics necessitates to utilize two distinct SMPs within two separate microfluidic channels.
Therefore, the coupled resonator filter topology consisting of hairpin resonators is proposed as
shown in Figure 6.1 and Figure 6.2. The hairpin resonators allow to use an SMP to simultaneously
load the open ends of the resonators for achieving frequency tunability [see Figure 6.2(a) SMP
#1]. Another SMP can be used at the opposite sides of the hairpin resonators to control interresonator couplings through capacitive loading [see Figure 6.2(b) SMP #2]. Having SMPs at
opposite sides of the resonators allows to realize the filter by making use of meandered
microfluidic channels. The channel layout demonstrating this operation is also highlighted with
dashed lines in Figure 6.2. Each microfluidic channel can be interfaced with a piezoelectric
actuator at the back of the ground plane to provide individual control of the SMP positions as
shown in 3D perspective view of the filter in Figure 6.1.
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(a)

(b)
Figure 6.2. Filter layouts demonstrating frequency and bandwidth reconfiguration. (a) Frequency
reconfiguration with SMP #1 (SMP #2 is taken to be not loading the filter); and (b) bandwidth
reconfiguration with SMP #2 (SMP #1 is taken to be not loading the filter).
Figure 6.3(a) shows the equivalent circuit of two adjacent resonators loaded with the SMPs.
In this circuit model, each hairpin resonator is represented with a parallel 𝐿0 𝐶0 network. These
resonators in general exhibit mixed magnetic and electric couplings. However, for the selected
geometry and orientation of adjacent resonators, the electrical coupling dominates for small
resonator spacing [103] and the performance of the equivalent circuit gets dominated by the
electrical coupling capacitance 𝐶𝑚 . Within the circuit, coupling is represented with an admittance
inverter network. The capacitive loading between the two resonators generated by the metal trace
of the SMP #2 is represented with a variable capacitor 𝐶𝐶 placed in parallel with the admittance
inverter network. The capacitive loading introduced by the SMP #1 metal trace across the open
ends of the resonator is represented with the variable loading capacitor 𝐶𝐿 . The resonance
frequency of the resonator is given by:
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𝑓0 =

1
2𝜋√𝐿0 (𝐶0 + 𝐶𝐿 )

(6.1)

Keysight ADS Momentum suite is used for electromagnetics (EM) simulations to design
the unloaded resonator operate at 38 GHz. Co-simulation is performed and the 𝐶𝐿 value that
reduces the resonance frequency down to 28 GHz is identified as 0.3 pF (i.e. 0.3 pF > 𝐶𝐿 > 0 for
28 GHz > 𝑓0 > 38 GHz). Co-simulations and Equation 6.1 is utilized at different operation
frequencies to extract 𝐿0 and 𝐶0 as 48.314 pH and 0.363 pF, respectively. Afterwards, 𝐶𝐿 must be
related to the SMP metallizations to realize the filter. For design simplicity, in this work, the 𝐶𝐶

(a)

(b)
Figure 6.3. Equivalent circuit model and layout detail of a resonator pair. (a) Equivalent circuit
model of a coupled resonator pair and (b) layout detail of the resonator pair when loaded with SMP
metallizations (𝐿𝑟 = 0.95, 𝑤𝑟𝑎 = 0.25, 𝑤𝑟𝑏 = 0.16, 𝑔𝑟 = 0.18, 𝑔𝑐 = 0.1, 𝑆𝑓𝑥 = 0.105, 𝑆𝑓𝑦 = 0.3,
𝐿𝑓𝑥 = 0.055, 𝐿𝑓𝑦 = 0.15, 𝑆𝑐𝑥 = 0.25, 𝑆𝑐𝑦 = 0.175, 0 ≥ 𝑠1 ≥ 𝑆𝑓𝑦 , 0 ≥ 𝑠2 ≥ 𝑆𝑐𝑦 ; all units are in
mm).
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and 𝐶𝐿 are related to SMP metallizations through the parallel plate capacitor equations. As shown
in Figure 6.3(b), the metal trace of SMP #1 overlaps with the open ends of the hairpin resonator
with an area proportional to 𝑆𝑓𝑥 × 𝑆𝑓𝑦 , where 𝑆𝑓𝑥 and 𝑆𝑓𝑦 denote the maximum horizontal and
vertical overlap lengths of the SMP #1 metallization with respect to the resonator, respectively.
Parameter 𝑠1 defines the position of SMP #1 relative to the resonator (e.g. 𝑠1 = 0 implies no overlap
and 𝑠1 = 𝑆𝑓𝑦 implies maximum overlap). The shape of the metal traces of SMP #1 is partially
trapezoidal to linearize the frequency tuning with respect to 𝑠1 as was similarly employed in [27].
The parameters 𝐿𝑓𝑥 and 𝐿𝑓𝑦 shown in Figure 6.3(b) describe the shape of the partial trapezoidal
area. The relationship between the total overlap area (𝐴𝐶𝐿 ) and 𝐶𝐿 is:

𝐶𝐿 =

𝜀𝑟 𝜀0 𝐴𝐶𝐿
4𝑑

(6.2)

where 𝑑 is the vertical separation between the SMP metallizations and printed circuit board (PCB)
traces forming the resonators (𝑑 = 10 µm); and 𝜀𝑟 is the relative dielectric constant of the material
separating the SMP metallizations and PCB traces (𝜀𝑟 = 2.15). From the described geometry in
Figure 6.3(b), 𝐴𝐶𝐿 is linked to the geometry as:

𝐴𝐶𝐿

𝐿𝑓𝑥 𝑠12
2(𝑆𝑓𝑥 − 𝐿𝑓𝑥 )𝑠1 +
for 𝑠1 < 𝐿𝑓𝑦
={
𝐿𝑓𝑦
.
2𝑆𝑓𝑥 𝑠1 − 𝐿𝑓𝑥 𝐿𝑓𝑦 for 𝑠1 ≥ 𝐿𝑓𝑦

(6.3)

The factor of 4 in Equation 6.2 appears due to the 𝐶𝐿 being formed through the series
connection of two capacitors defined by the half of the total overlap area. Figure 6.4(a) presents
the relationship between 𝑠1 and 𝑓0 . This relationship is obtained from EM simulations. Frequency
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(a)

(b)
Figure 6.4. Frequency linearization of the hairpin resonator and coupling factor variation with
respect to the coupling capacitances introduced in the design. (a) Resonance frequency variation
of the hairpin resonator as a function of SMP #1 position 𝑠1 with different 𝐿𝑓𝑥 and 𝐿𝑓𝑦 parameters
used in defining the SMP #1 metallization; (b) Coupling as a function of 𝐶𝐿 and 𝐶𝐶 .
variation with 𝑠1 can be linearized by utilizing the 𝐿𝑓𝑥 and 𝐿𝑓𝑦 parameters. In the design, 𝑆𝑓𝑥 is
selected as 0.11 mm due to the need to include coupling compensation traces in SMP #1 (see
Section 6.2 for coupling compensation discussion). With this value of 𝑆𝑓𝑥 , 𝐿𝑓𝑥 = 50 µm and 𝐿𝑓𝑦 =
0.15 mm achieves an almost linear frequency variation behavior with respect to 𝑠1 . Subsequently,
𝑆𝑓𝑦 is determined as 0.3 mm from Equations 6.2 and 6.3 by making using of the maximum value
of 𝐶𝐿 = 0.3 pF at 𝑠1 = 𝑆𝑓𝑦 .
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To achieve the desired minimal FBW tunability of 9.5% ± 2.5%, the tunability range of
𝐶𝐶 must be determined. 𝐶𝐶 is proportional to the area 𝑆𝑐𝑥 × 𝑆𝑐𝑦 formed by overlapping metal trace
of SMP #2 with the hairpin resonator. Here, 𝑆𝑐𝑥 and 𝑆𝑐𝑦 denote the maximum horizontal and
vertical overlap lengths of the SMP #2 metallization with respect to the resonator. Parameter 𝑠2
defines the position of SMP #2 with respect to the resonator (e.g. 𝑠2 = 0 implies no overlap and
𝑠2 = 𝑆𝑐𝑦 implies maximum overlap). The total overlap area 𝐴𝐶𝐶 for 𝐶𝐶 is rectangular since this
shape is found to readily provide a linear coupling variation with 𝑠2 . The relationship between 𝐴𝐶𝐶
and 𝐶𝐿 is:
𝐶𝐶 =

𝜀𝑟 𝜀0 𝐴𝐶𝐶
4𝑑

(6.4)

From the described geometry in Figure 6.3(b), 𝐴𝐶𝐶 is linked to the geometry as:
𝐴𝐶𝐶 = 2𝑆𝑐𝑥 𝑠2

(6.5)

From the equivalent circuit of Figure 6.3(a), with the approach described in [99], the
electrical coupling factor 𝑘𝐸 is expressed as:
𝑓𝑚2 − 𝑓𝑒2
𝑘𝐸 = 2
𝑓𝑚 + 𝑓𝑒2

(6.6)

where:
𝑓𝑒 =

1
2𝜋√𝐿0 (𝐶0 + 𝐶𝑚 + 𝐶𝐿 + 2𝐶𝐶 )

𝑓𝑚 =

1
2𝜋√𝐿0 (𝐶0 + 𝐶𝐿 − 𝐶𝑚 )

(6.7)

(6.8)

Equations 6.1 and 6.6 – 6.8 show that 𝐶𝐿 reduces 𝑘𝐸 while also reducing 𝑓0 . Therefore,
dependence of 𝑘𝐸 to 𝐶𝐶 must be extracted for different values of 𝐶𝐿 as shown in Figure 6.4(b). To
determine required 𝑘𝐸 , a filter topology must be selected. In this manuscript, we pursue a third-
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order 0.1 dB ripple Chebyshev filter with minimal FBW tunability from 7% to 12%. From [84],
low-pass prototype element values can be obtained as 𝑔0 = 𝑔4 = 1, 𝑔1 = 𝑔3 = 1.0316 and 𝑔2 =
1.1474. For FBW of 7%, 𝑄𝑒 = 14.74, 𝑀12 = 𝑀23 = 0.06434. For FBW of 12%, 𝑄𝑒 =
8.597 𝑀12 = 𝑀23 = 0.1103. Therefore, 𝑘𝐸 needs to be tunable within the range of 0.064 – 0.11.
Minimum FBW is achieved when 𝐶𝐶 = 0. As described in introduction, a design goal is to maintain
minimum FBW as 7% at all possible center frequencies. To achieve this, 𝐶𝐿 = 0 and 𝐶𝐶 = 0 point
in Figure 6.4(b) is adjusted with the choice of 𝐶𝑚 = 23.36 fF to provide the minimum required 𝑘𝐸
of 0.064. As seen in Figure 6.4(b), for 𝐶𝐿 = 0, 𝐶𝐶 must be varying from 0 to 20 fF to increase the
FBW from 7% to 12%. In the case of 𝐶𝐿 = 0.30 pF, 𝐶𝐶 needs to vary from 20 fF to 60 fF to tune
FBW from 7% to 12%. In the following section, coupling capacitive loading ranging from 0 to 20
fF will be provided with SMP #1 metallizations to ensure a constant FBW filter with minimum of
7% FBW. SMP #2 metallizations will be designed to provide coupling capacitance tunability
ranging from 0 fF to 40 fF. For realizing 𝐶𝐶 , 𝑆𝑐𝑥 is chosen as the resonator arm width 𝑤𝑟𝑎 = 0.25
mm. and 𝑆𝑐𝑦 is calculated from Equations 6.4 and 6.5 for 𝐶𝐶 = 40 fF at 𝑠2 = 𝑆𝑐𝑦 . Figure 6.4(b)
also demonstrates that 𝑘𝐸 depends almost linearly to 𝐶𝐶 , thus, justifying the use of rectangular area
for coupling capacitors.
Figure 6.5 presents the substrate stack-up used to design the filter in Keysight ADS
Momentum. A 203 µm Rogers RO4003C substrate (𝜀𝑟 = 3.55, tan 𝛿 = 2.7×10-3) with 17.5 µm
copper-cladding is used for the PCB hosting the resonators. A 5 µm thick layer is used to represent
the liquid between the PCB and SMP metallizations. The liquid is Sigma-Aldrich Fluorinert FC40 (𝜀𝑟 = 1.9, tan 𝛿 = 2×10-4). The thickness of this liquid layer is due to the fabrication tolerances
in realizing the height of the microfluidic channels. A 5 µm thick Parylene N (𝜀𝑟 = 2.4, tan 𝛿 =
2×10-4) layer is deposited on the SMP metallizations to ensure a dielectric insulation between
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Figure 6.5. Substrate stack-up used for Keysight ADS Momentum EM simulations.
SMP and the PCB metallizations. A 0.305 mm thick Rogers RO4003C substrate is selected for
the SMP. The channel is sealed with a 0.5 mm thick fused silica substrate (𝜀𝑟 = 3.81, tan 𝛿 =
4×10-4).
Figure 6.3(b) shows the physical dimensions of the resonator designed to operate at 38
GHz in its unloaded state within the selected substrate stack-up. Through EM simulations, interresonator spacing is determined to be 𝑔𝑐 = 0.1 mm to provide the desired 𝑘𝐸 . The SMP
metallization dimensions determined from the circuit analysis are slightly tuned in ADS
simulations to provide the desired frequency and bandwidth tuning. The finalized dimensions of
the SMP metallization areas are also provided in Figure 6.3(b). The resonator is expected to
provide an unloaded quality factor of 𝑄𝑢
6.2.

115.

Frequency Tunable Constant FBW Filter Design
The design of the resonator is already detailed in previous section. The constant 7% FBW

frequency tunable filter layout is shown in Figure 6.6(a). As detailed before, SMP #1 metallization
includes traces to compensate for the inter-resonator coupling coefficient as the frequency is
lowered with 𝑠1 motion. The range of the compensation is 0 to 20 fF and should be varying linearly
with 𝑠1 . Therefore, the dimensions of these coupling compensation metallizations can be initially
determined by making use of Equations 6.3 and 6.5 as 𝑆𝑓𝑥 = 0.1 mm and 𝑆𝑓𝑦 = 0.3 mm. The
finalized dimensions obtained through simulations is given in Figure 6.6(a).
Additionally, maintaining a constant 7% FBW across the entire frequency tuning range
requires to stabilize the 𝑄𝑒 . The filter is fed with a capacitively coupled microstrip line that is
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(a)

(b)

(c)
Figure 6.6. Layout of the FT-BPF and extracted external quality and coupling factors for filter
design. (a) Layout for the FT-BPF filter with 7% constant FBW; (b) 𝑄𝑒 compensation scheme; (c)
𝑄𝑒 and 𝑘𝐸 with and without SMP #1 coupling compensation metallizations. (𝐿1 = 0.6, 𝑤1 = 0.39,
𝐿𝑟 = 0.95, 𝑤𝑟𝑎 = 0.25, 𝑤𝑟𝑏 = 0.16, 𝑔𝑟 = 0.18, 𝑔𝑐 = 0.1, 𝑆𝑓𝑥 = 0.105, 𝑆𝑓𝑦 = 0.3, 𝐿𝑓𝑥 = 0.055,
𝐿𝑓𝑦 = 0.15, 𝐿𝑠 = 0.56, 𝑤𝑠𝑞 = 0.1, 𝑔𝑠𝑞 = 0.04, 𝑆𝑓𝑥𝑞 = 0.4, 𝑆𝑓𝑥2 = 0.08, 𝑆𝑓𝑥3 = 0.11, 0 ≤ 𝑠1 ≤
𝑆𝑓𝑦 ; dimensions are in mm).
terminated in a shunt open-circuited stub. The stub serves two purposes: (i) stabilize the 𝑄𝑒 for
lower frequencies similarly as in [3]; and (ii) provide a point where additional capacitive coupling
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(a)
(b)
Figure 6.7. Simulated performance of the FT-BPF. (a) |𝑆21 | and |𝑆11 |; (b) close-up view of |𝑆21 |
as a function of SMP #1 position 𝑠1 .
can realized between the input/output line and the resonator through SMP #2 metallizations (see
Section 6.3). The stub dimensions 𝐿𝑠 and 𝑤𝑠𝑞 are designed to provide a stable 𝑄𝑒 as 𝑠1 increases,
following a similar approach as in [3]. Without any modifications, 𝑄𝑒 increases as resonance
frequency of the filter is lowered. This is similar to the inter-resonator coupling and associated
with the reduction in coupling capacitance. Therefore, additional metallization traces are added
into the SMP #1 to gradually compensate for the reduced coupling ta the input ports of the filter.
The detailed layout of the input side of the filter is provided in Figure 6.6(b). For stabilizing 𝑄𝑒 ,
𝑆𝑓𝑞𝑥 = 0.4 mm is selected to maximize the capacitance between SMP #1 trace and input feed line.
This allows to use smallest possible overlap length 𝑆𝑓𝑥3 . Through simulations this length is found
as 0.11 mm. Figure 6.6(c) demonstrates that the effectives of coupling compensation traces
included in the SMP #1. Specifically, the variation of the 𝑄𝑒 is stabilized to be around 16.6±2.
Likewise, 𝑘𝐸 is maintained within the 0.058±0.006 range. The simulated S-Parameters of the filter
are shown in Figure 6.7 for 𝑠1 varying from 0 to 0.3 mm in 0.05 mm steps. The filter operates as
desired with 28 GHz to 38 GHz frequency tunability. It operates with almost constant FBW at
7.68±0.39% due to the slight variations in 𝑘𝐸 and 𝑄𝑒 . The IL of the simulated filter is 1.37 dB at
28 GHz and 1.83 dB at 38 GHz.
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6.3.

Bandwidth Tunable Filter Design
The design of the bandwidth tunable filter follows from the constant FBW frequency

tunable filter presented in the previous section. The layout of the filter is shown in Figure 6.8(a).
SMP #1 that is responsible for the frequency tuning functionality is removed. Hence, the center
frequency of the filter is that of the unloaded filter and it is 38 GHz. SMP #2 is included in the

(a)

(b)

(c)
Figure 6.8. Layout of the BT-BPF and extracted external quality and coupling factors for filter
design. (a) Layout of the BT-BPF; (b) 𝑄𝑒 compensation scheme; (c) 𝑄𝑒 and 𝑘𝐸 with and without
SMP #2 coupling compansation metallizations. (𝐿1 = 0.6, 𝑤1 = 0.39, 𝐿𝑟 = 0.95, 𝑤𝑟𝑎 = 0.25,
𝑤𝑟𝑏 = 0.16, 𝑔𝑟 = 0.18, 𝑔𝑐 = 0.1, 𝑆𝑐𝑥 = 0.25, 𝑆𝑐𝑦 = 0.175, 𝐿𝑠 = 0.56, 𝑤𝑠𝑞 = 0.1, 𝑔𝑠𝑞 =
0.04, 𝑆𝑐𝑥𝑞 = 0.25, 0 ≤ 𝑠2 ≤ 𝑆𝑐𝑦 ; dimensions are in mm).
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layout for bandwidth tunability. Two of the SMP #2 rectangular traces are responsible for tuning
the inter-resonator couplings. The size of these traces (i.e. 𝑆𝑐𝑥 and 𝑆𝑐𝑦 ) are designed in Section 6.1
to provide FBW tuning from 7% to 12% at 28 GHz. At 38 GHz, these traces increase 𝑘𝐸 from
0.062 to 0.12 as SMP #2 is repositioned. Therefore, the FBW tunability extends from 7.6% to
17.6% when 𝑄𝑒 of the input/output resonators are properly adjusted.
Relative position of SMP #2 with respect to the resonators on the PCB is denoted with 𝑠2
as explained in Section 6.1. To maintain impedance matching across different values of 𝑠2 (i.e.
different values of FBW), a 𝑄𝑒 reduction scheme is introduced similar to the approach followed in
the design of the constant FBW frequency tunable filter. Specifically, SMP #2 hosts metallized
traces that overlap with the input/output microstrip lines/stubs and resonators to provide increased
capacitance as 𝑠2 is increased. The overlap area is defined with parameters 𝑤𝑠𝑞 , 𝑆𝑐𝑥𝑞 , and 𝑠2 . 𝑤𝑠𝑞
is set with the design of the coupling stub placed at the input/output microstrip lines. 𝑆𝑐𝑥𝑞 is
designed through simulations to provide the required 𝑄𝑒 reduction from 14.74 to 8.6 as 𝑘𝐸 is
increased. The layouts used for 𝑄𝑒 extraction and reduction are presented in Figure 6.8(b).
Designed 𝑄𝑒 and 𝑘𝐸 variation with respect to SMP #2 position 𝑠2 is shown in Figure 6.8(c).
Simulated S-parameters of the filter is presented in Figure 6.9. It is observed that filter bandwidth

(a)
(b)
Figure 6.9. Simulated performance of the BT-BPF. (a) |𝑆21 | and |𝑆11 |; (b) close-up view of |𝑆21 |
as a function of SMP #2 position 𝑠2 .
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can be tuned from 7.6% up to 17.6%. The filter performs with mid-band 1.8 dB IL for the 7.6%
FBW position and mid-band 0.95 dB IL for the 17.6% FBW position.
6.4.

Frequency and Bandwidth Tunable Filter
The frequency and bandwidth tunable filter can be implemented as the combination of the

frequency tunable constant FBW design presented in Section 6.2 and bandwidth tunable filter
design presented in Section IV. Since the frequency and bandwidth tunable filter is loaded with
both SMP #1 and SMP #2, two distinct microfluidic channels are needed. Consequently, the
microfluidic channels need to be meandered as previously illustrated in Figure 6.2. The
microfluidic channel dimensions used for prototype development are provided in the flowing
section. The layout of the filter is presented in Figure 6.10(a) along with its dimensions. The

(a)

(b)
(b)
Figure 6.10. Simulated performance of the FBT-BPF and its simulated S-parameter performance.
(a) Layout of the FBT-BPF; (b) Simulated |𝑆21 |, |𝑆11 |, and (c) close-up view of |𝑆21 | as a function
of SMP #2 position 𝑠2 . (𝐿1 = 0.6, 𝑤1 = 0.39, 𝐿𝑟 = 0.95, 𝑤𝑟𝑎 = 0.25, 𝑤𝑟𝑏 = 0.16, 𝑔𝑟 = 0.18, 𝑔𝑐 =
0.1, 𝑆𝑓𝑥 = 0.105, 𝑆𝑓𝑦 = 0.3, 𝐿𝑓𝑥 = 0.055, 𝐿𝑓𝑦 = 0.15, 𝑆𝑐𝑥 = 0.25, 𝑆𝑐𝑦 = 0.175, 𝐿𝑠 = 0.56, 𝑤𝑠𝑞 =
0.1, 𝑔𝑠𝑞 = 0.04, 𝑆𝑓𝑥𝑞 = 0.4, 𝑆𝑓𝑥2 = 0.08, 𝑆𝑓𝑥3 = 0.11, 𝑆𝑐𝑥𝑞 = 0.25, 0 ≤ 𝑠1 ≤ 𝑆𝑓𝑦 , 0 ≤ 𝑠2 ≤ 𝑆𝑐𝑦 ;
dimensions are in mm).
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simulated S-parameter performance of the filter is shown in Figure 6.10(b) for sampled states The
maximum bandwidth is 17.6% and 12.5% at the highest (i.e. 𝑠1 = 0 mm) and lowest resonance
frequencies (i.e. 𝑠1 = 0.3 mm), respectively. The frequency of operation can be tuned from 38
GHz down to 28 GHz with near constant FBW of 7.68 ± 0.39% for 𝑠2 = 0. The IL performance of
the filter is presented in Figure 6.10(c). IL is less than 1.8 dB for all states. The worst-case IL is
observed for the lowest FBW at highest operation frequency.
6.5.

Fabrication
Filter prototypes are fabricated with the substrate stack-ups shown in Figure 6.1(a) and

Figure 6.5. The resonators and SMPs are realized with standard photolithography. All dimensions
of the resonators, microstrip lines, coupling stubs, and SMP metallizations are oversized by 10 µm
in mask generation to account for wet etching related undercut. The substrate of the resonators is
bonded with a double-side copper-cladded 0.762 mm thick FR4 substrate using silver epoxy and
a bonding press in order to provide mechanical rigidity. This completes the PCB preparation for
the resonators. The SMPs are cut with a dicing saw from their main substrate. The metallization
surfaces of the SMPs are deposited with 5 µm thick Parylene N by using a PDS 2010 Parylene
Deposition System. The microfluidic channel walls with 360±10 µm height are fabricated on top
of the PCB. These walls are formed by spin-coating the PCB with SU8 photoresist (𝜀𝑟 = 3.25,
tan 𝛿 = 0.017) and applying standard photolithography for patterning. The processing of the walls
is done in two-steps of spin-coating by following the procedures described in [104, 105] for
optimal exposure and baking times. The holes needed for channel inlets and outlets are drilled
along with the holes needed for mounting the edge connectors. The SMPs are placed within the
microfluidic channel walls. Sealing the microfluidic channel with fused silica layer is carried out
with the tenting technique [25]. Specifically, a ~50 µm thick film of soft-baked SU8 resist is placed
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on top of the channel walls to form the tented structure. Fused silica slide is coated with ~50 µm
layer of SU8 photoresist for adhesive bonding. PCB and the dry film are heated to 48 °C and
brought in contact with the coated fused silica slide to complete the sealing. 48 °C is below the
glass transition of SU-8. It ensures that the dry film does not melt and flow inside the channel [26].
Following this process, the PCB is exposed and hard baked to complete the microfluidic channel
sealing process.
The microfluidic channel reservoirs that will be placed under the bottom side of the PCB
are fabricated with PDMS using soft-photolithography processes [69]. The thickness of the PDMS
used for the microfluidic reservoirs are 3 mm. A 1 mm diameter punch is used to realize the
channel filling ports in the PDMS substrate that will enable fitting of flexible hoses for introducing
the FC-40 liquid into the microfluidic channel. Bonding of the PDMS with the copper layer at the
bottom surface of the PCB is carried out with O2 plasma (50 W, 30 s) treatment of the PDMS and
APTES treatment of the copper layer. The copper layer is submerged in a 5% APTES solution for
20 minutes at 70 °C and dried out with a nitrogen gun before brought in contact with the plasma
treated PDMS to form the irreversible bond [106]. In order to place the piezoelectric actuators on
top of the PDMS based microfluidic channel reservoirs, the reservoir areas are first bonded with
25 µm thick LCP (Rogers ULTRALAM® 3850 with 9 µm copper cladding on both sides)
following the APTES process described above. The piezoelectric actuators are bonded to the LCP
layers using silver epoxy (EPO-TEK® H20E). This completes the fabrication process. As a final
step, the microfluidic channels are filled with the FC-40 dielectric liquid. For this, flexible hoses
are fit into the channel reservoirs, and the FC-40 liquid is introduced into the microfluidic channel
with syringes connected to one-way stopcock valves with Luer connections (Cole-Parmer). After
filling the channels, the valves are closed and Luer sealing plugs are connected to finalize closing
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the fluidic system. Prototypes maintain the valves and the plugs in case emptying/refilling of the
microfluidic channels are needed. These components could be removed for stand-alone operation.
6.6.

Experimental Verification
The prototypes for the bandwidth reconfigurable and frequency reconfigurable filters are

shown in Figure 6.11. Filters that exhibit only the frequency or bandwidth tuning capabilities are
fabricated with single microfluidic channel that contain either the SMP #1 or SMP #2. Figure
6.11(a) presents top and bottom views of the frequency tunable constant FBW filter. The SMP
sizes and metallizations are shown in Figures 6.11 (d) and 6.11(e). The measured S-parameter
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Figure 6.11. Detail of the FT-BPF and BT-BPF prototypes. (a) Top-side (left and center) and
bottom-side views (right) of the FT-BPF/BT-BPF prototypes; (b) Microfluidic channel details of
the FT-BPF; (c) Microfluidic channel details of BT-FPF; (d) SMP #1 of FT-BPF; (e) SMP #2 of
BT-BPF.
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(a)

(b)

(c)
Figure 6.12. Measured performance of the FT-BPF prototype for actuation voltages 𝑉𝐹𝑁 . (a) 26
GHz – 44 GHz response; (b) 24 GHz – 64 GHz response; (c) Close-up 𝑆21 response (𝑉𝐹0 = 0, 𝑉𝐹1
= 56, 𝑉𝐹2 = 66, 𝑉𝐹3 = 70, 𝑉𝐹4 = 77, 𝑉𝐹5 = 86, 𝑉𝐹6 = 95, 𝑉𝐹7 = 105, 𝑉𝐹8 = 114, 𝑉𝐹9 = 124, and 𝑉𝐹10
= 129 V).
performance of the frequency tunable filter is shown in Figure 6.12(a). It is found that SMP #1
completes its motion range with piezoelectric actuation voltage varying from 0 V to 129 V. The
center frequency of the prototype is shifted to 41 GHz for the unloaded case (i.e. 𝑠1 = 0 mm). This
~8% resonance frequency shift is due to the substrate stack-up used in Keysight ADS (see Figure
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6.5). The substrate stack-up maintains a uniform RO4003C substrate inside the microfluidic
channel. However, the channel is partially filled with this substrate due to the physical size of the
SMP. In the unloaded case, the SMP is completely removed, leaving the channel filled with the
FC-40 dielectric liquid over the resonators. In addition, the channel walls partially overlap with
resonators and this contributes to frequency and IL variation with respect to the simulations.
Modeling non-uniform 2D substrate-stack-up and substrate stack-up variation as a function of
SMP position requires employment of full-wave 3D EM simulators. However, due to the
significant simulation times needed by 3D EM simulators, the presented filter design has been
carried out with Keysight ADS Momentum suite under a fixed substrate stack-up configuration.
Simulating the unloaded filter layout in Keysight ADS with a 315 µm thick FC-40 liquid
layer replacing the RO4003C layer shows a resonance frequency shift up to 42 GHz. Modeling the
filter layout in 3D EM simulator Ansys HFSS shows the resonance frequency at 41 GHz. These
simulations verify the reasoning behind the 8% resonance frequency shift observed in experiments.
The filter is found to be tunable from 28 GHz to 41 GHz with SMP #1 position varied from 𝑠1 =
0 mm to 𝑠1 = 0.3 mm. The lower end of the frequency band is unchanged because the substratestack-up chosen in the Keysight ADS model is most accurate for the maximally loaded case of the
resonators.
The measured IL of the filter is 3 dB and 4 dB at 38 GHz and 28 GHz, respectively. IL is
better than 3 dB in majority of the frequency tuning range (i.e. 31 GHz – 41 GHz). The data
represents ~1.2 dB increase in IL with respect to the simulations. This is mostly related to the half
of the resonators being covered with lossy SU8 side walls. 3D EM simulator Ansys HFSS
determines IL as 2.1 dB for the unloaded case and fits with measurements. Figure 6.12(b) presents
the measured performance within 24 – 64 GHz band. Out of band rejection of the filter is better
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(a)

(b)

(c)
Figure 6.13. Measured performance of the BT-BPF prototype for actuation voltages 𝑉𝐵𝑁 . (a) 28
GHz – 44 GHz response; (b) 24 GHz – 64 GHz response; (c) Close-up 𝑆21 response (𝑉0 = 0, 𝑉𝐵1 =
54, 𝑉𝐵2 = 78, 𝑉𝐵3 = 88, 𝑉𝐵4 = 96 , 𝑉𝐵5 = 104, 𝑉𝐵6 = 115 V).
than 25 dB for majority of the states. Second harmonic of the resonators are contributing to the
degradation in the out of band rejection. Improvement may be possible by carrying out the design
on thinner substrates and considering alternative resonators arrangements/types. Figure 6.12(c)
presents the close up view of the IL performance when SMP #1 is actuated with voltages ranging
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from 0 V to 129 V. The filter maintains an almost constant 7.8% ± 0.75% FBW. This is in very
good agreement with the simulated performance.
The measured S-parameter performance of the bandwidth tunable filter is shown in Figure
6.13(a) and (b). It is found that SMP #2 completes its motion range with piezoelectric actuation
voltage varying from 0 V to 115 V. Figure 6.13(c) presents the close-up view of the IL performance
for different bandwidth tuning actuation voltages. The SMP #2 can tune the filter bandwidth from
7.8% up to 16.7%. This is in good agreement with simulations. The filter performs with 2.6 dB IL
at the lowest bandwidth and 1.9 dB IL at the highest bandwidth. The increase in IL and introduction
Piezo
Actuators

SMP #1
SU8
Walls

Channel
Filling Ports

SMP #2

Channel
Reservoirs

(a)
Microfluidic Channel #1 Outline
1.21 mm
0.87 mm

0.15 mm

3.74 mm

SMP #1

SMP #2

0.075 mm
3.12 mm

0.3 mm

Microfluidic Channel #2 Outline

(b)
Figure 6.14. Detail of the FBT-BPF prototype. (a) Prototype and (b) microfluidic channel details.
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(a)

(b)

(c)

(d)

Figure 6.15. Measured performance of the FBT-BPF prototype for different actuation voltages
𝑉𝐹𝑁 and 𝑉𝐵𝑀 . (a) 24 GHz – 44 GHz 𝑆21 detailed response; (b) 24 GHz – 44 GHz 𝑆11 response;
(c) 24 GHz – 44 GHz 𝑆21 response; (d) 24 GHz – 64 GHz 𝑆21 response (𝑉𝐹0 = 0 V, 𝑉𝐹1 = 64
V, 𝑉𝐹2 = 87 V, 𝑉𝐹3 = 125 V, 𝑉𝐹4 = 142 V, 𝑉𝐵0 = 0 V, 𝑉𝐵1 = 127 V).
of 1 dB ripple within the passband is associated with the differences in simulation-based substrate
stack-up vs. the actual fabricated devices. These differences have been already explained for the
frequency tunable filter.
The prototype of the frequency and bandwidth tunable filter is shown in Figure 6.14(a). A
detailed view of the microfluidic channel dimensions is given in Figure 6.14(b). The measured Sparameter performance is shown in Figures 6.15 (a)-(d). The bandwidth can be reconfigured from
7.8% to 16.7% at 38 GHz. Worst-case IL is 3.1 dB at 38 GHz and 1.95 dB at 28 GHz. The measured
IL performance matches much better with the Keysight ADS simulated IL performance due to the
minimized SU8 channel walls on the filter resonators to host two distinct SMPs. SMP #1 and SMP
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#2 complete their full motion ranges with piezoelectric actuation voltages varying within 0 V –
142 V and 0 V – 127 V, respectively. It is noticed that the actuation voltages are slightly increased
in this filter with respect to the stand-alone frequency and stand-alone bandwidth tunable filters.
This can be attributed to the shape of the microfluidic channels used within this design.
Meandering the microfluidic channels within the available circuit area has a consequence of
employing narrower channel widths. This necessitates a larger fluidic pressure for mobilizing the
SMPs [107], resulting in higher actuation voltages.
6.7.

Reliability and Power Handling Characterization
The prototypes are tested for their reconfiguration speed, reliability and power handling

capability. In these tests, 1.85 mm end launch connectors were replaced with 2.92 mm end launch
connectors. Therefore, this section shows the measured data up to 40 GHz. Reconfiguration speed
is measured by using the set-up described in [93]. For this measurement, the frequency
reconfigurable filter is used. The filter is excited with continuous single tone RF signal at 28 GHz.
SMP is actuated with a 50% duty cycle rectangular waveform (0 V to 127 V) while tracking the
output of a mm-wave power detector diode (Krytar 203AK) connected to the output of the filter.
Figure 6.16 presents the detected voltage from the power detector. With the given setup, the signal
received at the detector input was measured and set as -10 dBm at 28 GHz. This translates into
~46.4 mV received voltage at the detector output. At -25 dBm, the detected voltage measured is
~5 mV. With this information, reconfiguration speed can be estimated after the center frequency
of the filter has shifted up enough to provide 15 dB attenuation at 28 GHz. This condition occurs
after approximately 22.8 ms where the filter is estimated to have shifted ~6.5 GHz from its center
frequency. Thus, reconfiguration speed for the filter is calculated as 285 MHz/ms. Additionally,
the entire SMP actuation is expected to be within 35.8 ms.
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Figure 6.16. Measured reconfiguration time for the frequency reconfigurable filter.
For reliability testing, both stand-alone bandwidth tunable and stand-alone frequency
tunable filters are actuated with a 20 Hz 50 % duty cycle rectangular waveform (0 V to 127 V) for
7 days. S-parameters of the filters are measured approximately after they are actuated 100×10 3,
1×106, 5×106 and 12×106 times. Figure 6.17 and Figure 6.18 show the measured performance for
the stand-alone bandwidth tunable and stand-alone frequency tunable filter, respectively. For
simplicity, the measured response is only shown at 3 possible actuation voltages (56 V, 86 V and
129 V and 54 V, 88 V and 115 V for the frequency reconfigurable and bandwidth reconfigurable
filters respectively). It is observed that filters operate without major degradation in IL performance.
For a given actuation voltage, center frequency shows variations less than 1%. This is likely due

(a)
(b)
Figure 6.17. FT-BPF prototype performance for different actuation cycles. Close-up detail (a) and
expanded range view (b) of S21 performance after different actuation cycles (𝑉0 = 0 V, 𝑉𝐹1 = 56
V, 𝑉𝐹2 = 86 V, 𝑉𝐹3 = 129 V).
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(a)
(b)
Figure 6.18. BT-BPF prototype performance for different actuation cycles. Close-up detail (a) and
expanded range view (b) of S21 performance after different actuation cycles (𝑉0 = 0 V, 𝑉𝐵1 = 54
V, 𝑉𝐵2 = 88 V, 𝑉𝐵3 = 115 V).
to the mechanical nature of the reconfiguration scheme used. The repeatability test is stopped at
~12,000,000 cycles due to the frequency tunable filter developing a leak at the bonding interface
between the fused silica and the SU8 channel walls. More investigations and repeatability testing
are needed to fully understand if this is an isolated case associated with bonding parameters.
The filter prototype with simultaneous frequency and bandwidth tunability capability is
used for power handling characterizations. This is motivated from the fact that this filter operates
with the lowest measured IL. The experiment setup is similar to the one described in [94]. The
filter is excited with continuous RF power at 38 GHz. The actuation condition selected for the
power characterization is when the SMP #2 does not load the filter (i.e. smallest possible FBW).
SMP #1 is actuated to shift center frequency of the filter to 38 GHz. These actuation voltage
settings make the dual-tunable filter operate at its highest IL state to maximize the RF power
dissipation. The filter is excited with RF power varying from 0.5 W to 2 W. Temperature
measurements are taken after a steady-state condition is achieved for the given input power by
using a thermal camera. Multiphysics simulations are performed with Ansys 19.2 Workbench to
verify the experiments. Measured temperatures at filter surface and simulated temperatures agree
quite well as shown in Figure 6.19. Simulations indicate that at 5 W of input RF power, the internal
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(a)
(b)
Figure 6.19. Power handling performance characterization of the FBT-BPF prototype. Infrared
image captured after steady-state temperatures with 2W input RF power (a); and measured
temperatures at different input RF powers (b).
temperature of the device rises to 162 °C. This is slightly below the boiling temperature of FC-40
(i.e. 165 °C). Therefore, 5 W can be considered as the maximum continuous RF power handling
level of this filter. Power handling can further be enhanced by resorting to thicker ground planes
and/or heat sinks. Table 6.1 presents a performance comparison of several state-of-the-art
reconfigurable filters. IL performance of the microfluidic reconfiguration approach benefits from
the lack of active components. Typical IL performance for implementations of reconfigurable
filters with varactor/PIN diodes is in the order of >7 dB, which can be expected to further increase
in the 38 GHz band. Similarly, power handling capabilities are expected to be higher for the
microfluidic technology than for varactors.
6.8.

Chapter Summary
The implementation of a microfluidically reconfigurable 3-pole coupled combline filter at

mm-wave frequencies with integrated actuation is demonstrated for the first time. Three filters are
designed, fabricated and characterized to demonstrate the capabilities of microfluidic actuation at
observed mm-wave frequencies. Specifically, a constant FBW frequency tunable filter, a
bandwidth tunable filter, and a frequency and bandwidth reconfigurable filter are demonstrated. It
was shown that the frequency and bandwidth tunable filter performs with worst-case 3.1 dB IL,
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Table 6.1. Performance comparison with state-of-the-art filters.
Frequency
FBW (%)
Tuning
Reference Technology
Range
IL (dB)
Type
Constant Tunable
(GHz)
Microstrip
Continuous
[108]
0.7–1.1
7–1.5
7–27
(Varactor)
(Freq. Only)
Microstrip
Discrete
[109]
20.5–21.3
9–8
4.2±0.6
No
(PIN Diode)
(Freq. Only)
Discrete
[110]
MEMS
18.6–21.4 4.2–3.9
7.5±0.1
No
(Freq. Only)
EVA
Continuous
[111]
20–40
2.9
3.3±1.4
No
(MEMS)
(Freq. Only)
Continuous
[112]
SIW
20–26.5
3.2–3.4
3±0.2
No
(Freq. Only)
Continuous
[113]
BST
28–34
3.8–2.8
12.1±1.1
No
(Freq. Only)
Microfluidics
Discrete
[114]
3.4–5.5
2.35–4.8
5±0.35
No
(CPW)
(Freq. Only)
Microfluidics
Discrete
[63]
3.75–4.75
0.6
39±2.5
No
(Microstrip)
(Freq. Only)
Microfluidics
Continuous
[27]
1.5–4.0
2.5–4
5
No
(Microstrip)
(Freq. Only)
Continuous
This
Microfluidics
28–41
1.9–3.1
(Freq. and 7.8±0.75 7.8–16.7
Work
(Microstrip)
FBW)

Tuning
Ratio

Continuous
Power (W)

Reconfig.
Speed

1.6:1

0.32

-

1.04:1

-

-

1.15:1

-

-

2:1

-

10–60 µs*

1.33:1

-

-

1.21:1

-

-

1.6:1

10

-

1.19:1

-

70±20 ms

2.7:1

15

2.5 MHz/ms

1.46:1

5

285 MHz/ms
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while exhibiting a constant 7.8% ± 0.75% FBW and bandwidth tunability within 7.8% to 16.7%.
A 3-pole is selected for simplicity, however, the concepts demonstrated in this Chapter can be
applied in a straight-forward manner for higher order filters. One only would need to compensate
additional coupling factors with different capacitive values (i.e. this translates in different overlap
areas in the SMP). Furthermore, the integrated actuation mechanism allows for extended testing
of filter reconfiguration. Repeatability tests demonstrate that the filter performs with no major
degradation in IL performance and can be reconfigured at 285 MHz/ms, implying about 35.8 ms
reconfiguration for the whole frequency range of 28 GHz – 41 GHz. Power handling
characterization shows that the filter could handle up to 5 W of continuous RF power without the
need of a thick ground plane or external cooling. Further investigations could lead to optimization
of reconfiguration speeds by employing different channel shapes or plate sizes.
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Chapter 7:

Several

applications

Final Remarks and Overview of Future Work

of

microfluidic

technology

for

millimeter-wave

device

reconfiguration have been introduced, designed and their operation is successfully demonstrated
with experimental verifications. Specifically, microfluidically switched microstrip lines utilizing
selectively metallized plates were introduced to demonstrate low-loss and wideband
reconfiguration at mm-wave frequencies. The novel microfluidic switch exhibits less than 0.2 dB
IL over 20 GHz bandwidth. Additionally, an equivalent circuit model is developed to allow for
designing complex networks with several microfluidic switches.
The circuit model is utilized for designing a low-loss and wideband microfluidically
switched feed network for mm-wave beam-steering applications. For this purpose, the equivalent
circuit model and layout of the microfluidically switched microstrip line is cascaded in an SP2T
configuration. When compared to microfluidic beam-steering focal plane array designs previously
demonstrated; the switching time, bandwidth, and loss performances are significantly improved.
This is made possible by replacing the need for resonant microstrip lines with the microfluidic
switches. An 8-element 1-D beam-steering array is successfully demonstrated at 30 GHz. The feed
network bandwidth is demonstrated to be 38% and low IL performance of <3 dB. Additionally,
the feed network design can be expanded to up to 64 elements with no degradation in bandwidth
performance. Utilizing this compact feed network design, the microfluidically switched beamsteering focal plane array concept can be extended for 2D beam-steering. Something that was not
possible with the previous work. More specifically, a 64 element (8×8) MFPA configuration
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proves to offer simulated worst-case feed network losses < 5.2 dB. With the improvements
demonstrated in this work, reconfiguring the MFPA in about 40 ms is now possible, as compared
to over 5 s in previous designs. This compact reconfiguration allows for integrated actuation
mechanisms that pave the way for enabling reliability testing and replace the bulky micropumps
that were previously utilized for providing fluidic actuation.
With the promising advantages of microfluidically switched microstrip line concept, a lowloss and wideband microfluidic switch actuated with an integrated and compact piezoelectric
mechanism is presented. This is possible by extending the initial concept of microfluidically
switched lines from Chapter 3 and miniaturizing the switch area by about 73%. The miniaturized
SPST switch prototype exhibits 0.42 dB IL with an operating bandwidth from 22 to 40 GHz. A
piezoelectric actuation mechanism is successfully integrated for the first time in an SMP-based
microfluidic device. The SPST switch is characterized to perform with 1.12 ms reconfiguration
time, the prototype is operated up to ~3×106 switching cycles with no apparent performance
degradation, and power handling measurements show the potential to provide >43 dBm at mmwave frequencies. The SPST design is demonstrated to be scalable for multi-throw operations with
an SP4T design that maintains similar IL and wideband performance. Additionally, the SP4T
switch is used to develop a 4-element mm-wave beam-steering antenna array demonstrating the
advanced capabilities of integrating the microfluidic actuation mechanism in compact device.
Continuing from the successful implementation of piezoelectric actuation within
microfluidically reconfigurable devices in Chapter 5, the implementation of a microfluidically
reconfigurable 3-pole coupled combline filter at mm-wave frequencies with integrated actuation
is demonstrated for the first time. Three tunable filters are designed, fabricated and characterized
to demonstrate the capabilities of microfluidic actuation at mm-waves. Specifically, a constant
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FBW frequency tunable filter, a bandwidth tunable filter, and a frequency and bandwidth
reconfigurable filter are implemented. The frequency and bandwidth tunable filter perform with
worst-case 3.1 dB IL, while exhibiting a constant 7.8% ± 0.75% FBW and bandwidth tunability
within 7.8% to 16.7%. Moreover, the concepts demonstrated in Chapter 6 can be applied in a
straight-forward manner for higher order filters. One only would need to compensate additional
coupling factors with different capacitive values (i.e. this translates in different overlap areas in
the SMP). Furthermore, the integrated actuation mechanism allows for extended testing of filter
reconfiguration. Repeatability tests proved filter performance over 12 million cycles with no major
degradation in IL, and the capability to be reconfigured at 285 MHz/ms. Additionally, power
handling characterization indicates potentially up to 5 W of continuous RF power without the need
of a thick ground plane or any external cooling mechanisms.
7.1.

Future Work
Considerable advances in microfluidic reconfiguration of RF devices with the selectively

metallized plate approach have been introduced for the first time in this dissertation. Nevertheless,
there is still plenty of work that can be done to further improve the performance of these devices
and to fully understand their electromagnetic behavior.
Specifically, several considerations can be taken for potentially improving the SMP speed
and reducing the actuation voltages needed for transforming the piezoelectric displacement into
fluidic pressure. Namely, investigating the impact of: (i) further reducing device size and SMP
motion by depositing/utilizing thinner metal layers (e.g. <10 µm –since this work employed metal
layers of 17.5 µm); (ii) utilizing different plates with varying sizes and materials that provide
densities closer to the density of the liquid that fills the channels; and (iii) evaluating the impact of
different microfluidic channel shapes that potentially can help distribute channel flow evenly
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)

)

)

)

(a)

(b)
Figure 7.1. Microfluidic channel limitations and proposed shapes for potential improvements. (a)
Detail of estimated SMP motion mechanism within the microfluidic channel. (b) Proposed
microfluidic channel shapes to be investigated to potentially improve SMP motion and
piezoelectric actuation.
across the SMP. Figure 7.1(a) demonstrates the limitations for microfluidic channel height
fabrication when considering PCB and SMP metallization thicknesses, assuming that the SMP is
resting on top of the PCB before starting motion. Figure 7.1(b) presents possible channel shapes
that can be investigated to improve the performance of the filter introduced in Chapter 6. Obtaining
further knowledge in these areas will aid in optimizing the performance of microfluidically
reconfigurable devices and provide an in-depth understanding of the physical machinations at
work within the fluidic actuation of these devices. Furthermore, clear design criteria for choosing
the right piezoelectric actuator size and microfluidic channels can be developed.
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(a)

(b)

(c)

(d)

(e)
Figure 7.2. Different current distributions within the SMP #1 overlap trace at the resonator of the
BPF presented in Chapter 6 for different overlap positions and metallization shape.
Another area of further research is the accurate modeling of the electromagnetic
phenomena occurring at the SMP overlaps. For this work, a parallel plate capacitance condition
was assumed at the overlaps between the SMP and the microwave circuit metal traces. However,
this approximation is not completely accurate as demonstrated by the need for optimization/tuning
of certain final dimensions within the presented designs. It is suspected that additional parasitic
behaviors that are not accurately modeled by the parallel plate capacitance approximation are
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present and actively affecting the SMP coupling with the microwave circuit. Figure 7.2 offers the
current distribution extracted for the SMP #1 overlap of the tunable filter of Chapter 6.
Specifically, for the metallization area that has as a main purpose to reconfigure the resonator
center frequency. Additionally, the metallization area is moved or meandered/modified to explore
the changes in current distribution. As it is seen in Figure 7.2, the changes observed in the current
imply a complex parasitic behavior that if completely understood will offer more accurate
modeling and simplified design of these type of devices. Furthermore, this behavior can be present
in the form of enhancements or degradations in various cases. Therefore, if one can understand the
phenomena, SMP shape can become an additional tool to improve device performance.
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Appendix A: Microfluidically Switched Microstrip Line Circuit Model Optimization

To validate the accuracy of the circuit model representation of the microfluidically
switched microstrip line from Chapter 3, the following analysis is carried out to: (i) choose the
adequate parameters that are to be optimized, and (ii) determine the circuit model topology to be
used. Specifically, for creating an accurate model for the ON-state of the switch, eight different
optimization cases are considered and compared to the simulated EM response of the switch
geometry. These cases are variations of the circuit model shown in Figure A.1 and summarized in
Table A.1. Initially before starting the optimization, the parameters 𝐶𝑔 and 𝐶𝑑 are calculated from

Figure A.1. General equivalent circuit model used for the optimization evaluation.
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Table A.1. Optimization cases utilized for validation of circuit model accuracy.
Optimization
Case
A
B
C
D
E
F
G
H

Short Length
Isolation
Transmission
Circuit
Lines at
Connected
Input/Output
No
Yes
No
Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Parameters to be Optimized

✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓
✓
✓

N/A N/A 
N/A N/A ✓
✓
✓ N/A
N/A N/A N/A





✓
✓
✓

✓
✓
✓

the open circuit condition of the switch (i.e. when there is no overlap between the SMP and the
microstrip traces). These parameters represent the circuit in its OFF-state, and act as a
representation of the switch isolation (referred to as Isolation Circuit in this Appendix). For the
ON-state of the switch, the initial values for the parameters 𝐶𝑠 and 𝐿𝑠 are calculated from the short
microstrip line equivalent circuit from [86], and 𝐶𝐶 is calculated from the equivalent parallel plate
capacitance developed between the SMP and microstrip line overlaps (as explained in Chapter 3).
Additionally, a short length of transmission line (with length 𝐿 = 𝐿𝑜𝑣 ) is introduced to model the
microstrip at the SMP-microstrip line overlap. This transmission line is modeled as a microstrip
line in a multi-layered substrate through Keysight ADS Line Type Transmission Line component
model as shown in Figure A.1. After calculating the parameters, the cases shown in Table A.1 are
optimized and compared to the EM response of the switch. Primarily, the selected cases are
variations of different parameter selections to be optimized, and the Isolation Circuit is either
connected of disconnected from the model. The parameters 𝐶𝐶 , 𝐿𝑠 and 𝐶𝑠 are always optimized
because they are considered to be the main contributors to the ON-state switch behavior. The
Isolation Circuit and the transmission line are either connected or disconnected and their
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Figure A.2. Simulated responses of each optimized equivalent circuit model cases and their
comparison the EM simulation of the microfluidically switched microstrip line of Chapter 3.
parameters (𝐶𝑔 , 𝐶𝑑 and 𝐿) optimized or left unchanged to evaluate their contribution to the circuit
model performance. The optimization is performed through the Quasi-Newton algorithm utilizing
the optimization tools of Keysight ADS, and the optimization goals are to match the S-parameters
of the circuit model to the EM-simulated model. The variation (Δ%) from initial calculated values
to optimized values, the residual error of the optimization algorithm, and the corresponding
behavior to the physical phenomena of the switch operation are considered to choose the adequate
circuit model.
The optimized simulated responses of each case and their comparison to EM simulation
are shown in Figure A.2 and the analysis summary is shown in Table A.2. Clearly, Case B offers
minimal variations from the starting parameters values (𝐶𝑐 , 𝐿𝑠 , 𝐶𝑠 and 𝐿) after optimization, and
the closest match to the EM response of the switch in its ON-state. When compared to C and D, it
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can be seen that the omission of the short transmission line does not allow for accurate modeling
of the switch in its ON-state. This verifies that the addition of the short length of transmission line
and omitting the connection of the Isolation Circuit when the switch is in its ON-state, is the best
performing model. Additionally from the results shown for Cases C, G and H, it is seen that when
the Isolation Circuit is connected and 𝐶𝑑 and 𝐶𝑔 are optimized, the algorithm tends to bring down
𝐶𝑔 and 𝐶𝑑 to values close to zero. Indicating that there is no need for these parameters in the ONstate equivalent circuit of the switch. Similarly, by comparing cases B and F it is seen that 𝐶𝑠 for
case F is reduced by 95% and 𝐿 increases by 44%, versus 61% and 38% for Case B. Therefore,
Case B is chosen as the most accurate circuit model to represent the ON-state of the
microfluidically switched microstrip line of Chapter 3. For the OFF-state, only the Isolation Circuit
is used.
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Table A.2. Summary of the optimization analysis for accurate circuit modeling.

Initial
Values
A
B
C
D
E
F
G
H

(fF)

𝚫

762.57

-

906.86
790.5
1032.57
1033.16
896.9
780
891.86
780

19%
4%
35%
35%
18%
2%
17%
2%

(pH)
217.58
194.43
150.38
216.12
216.11
193.94
135.42
198.21
150.63

𝚫
-11%
-31%
-1%
-1%
-11%
-38%
-9%
-31%

(fF)
55.36

𝚫
-

(fF)
2.11

𝚫
-

Optimization Cases
37.72 -32%
21.32 -61%
49.38 -11% 0.1
-95%
50.22 -9%
21.61 -61%
2.5
-95% 2.11
37.28 -33% 0.1
-95%
21.18 -62% 0.1
-95%

(fF)

𝚫

(mm)

𝚫

Residual
Error

13.83

-

0.5

-

-

0.691
13.83
0.377
0.1

-95%
-97%
-99%

0.69
0.721
0.5
0.691

38%
44%
0%
38%

26.07
13.07
196.43
196.07
28.42
12.2
32.72
12.79
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Appendix B: Copyright permissions

Below are the permissions for the contents included in Chapters 3 through 5.
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